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A trimodal resonator for three mutually perpendicular magnetic fields
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We describe a trimodal resonator for the simultaneous delivery of three perpendicular magnetic
fields. The resonator consists of a shielded loop single-mode radio freqUé&€nogsonator placed

inside of a bimodal waveguide microwave resonator. The microwave modes are nondegenerate,
tunable over a range of 100 MHz, and have typical Q factors of 150 and 200. The rf mode is tunable
over a range of 125 MHz, and has a typical Q of 45. Control of the relative phase between the three
fields is demonstrated. The resonator will be used to drive three magnetic dipole transitions
coherently between Zeeman states in the ground staféRtif. © 1999 American Institute of
Physics[S0034-674809)00403-7

I. INTRODUCTION written asB; sin(wit+¢), i=1,2,3. Sincaw,+ wz=w,, (see

Fig. 1) there are effectively two fields ab,; applied to the

We have successfully designed and constructed a tripI\é i £ rubidi d he oh
resonant device capable of simultaneously delivering thre opulation of rubidium atomsS, and B,+B,. The phase

perpendicular nondegenerate magnetic field standing wavéliference between these two fields is simply
with a well-characterized mutual phase relationship. This tri- &=, + @3— ¢ (1)
modal resonator is constructed by placing a shielded loop

coaxial resonator inside a bimodal waveguide resonant cav- . o X
ity. The shielded loop mode is typically rf<(1 GHz), phasfe that has physical S|gn|f|can_ce for the population d_y-
whereas the bimodal waveguide modes are typically microg a1es and depends on the relative phases of the applied

wave (>1 GHz). Each mode is independently tunable over J|elds, not on any external phase reference. The choice of a

range that depends upon the details of the tuning method. v\%artlcular value of can make the population preferentially

have designed the trimodal resonator such that the sum of thf cle frtoTA_}?;C_)tA etc(.:, WhereAI, B, aﬂ.?tc.: atrr? the I
lower two frequencies is equal to the third frequency. ree states of the system. Lonversely, a shilt In the overa

The three modes of the resonator will be used to drivé)haseq) of the magnetic fields can force the system to cycle

magnetic dipole transitions between three sublevels of thgreferentlally fromA—>Q—>B—>A gtc. Thoggh sugh d.|rec- .
5S,/» ground state of atomic rubidium, permitting observa- lonal poh?rent popula’qon dyna}mms are mterestmg in their
tion of phase-dependent population dynamics. In particularocWn ”.ght’ our experiment W'.” reverse th'S. argument.
control of the individual phase of each of the three magnetic hoo_smgd; Sl:gh thalt fche j‘.pp"?d f||elds alre_t|mz-rever_sal
fields allows for detection of interference effects between']r_wa”"jlnt shou res_ut In a |rect|ona_ popu atlp n dynamics.
competing channels in the excitation lobfuch population hus, any o_bservan_on of temporal dwecuonghty would m-
dynamics can reveal time-reversal symmetry breaking eﬁectgly a violation of time-reversal symmetry in the atomic

) ; Systen?
that may be present in the atomic system. Our application requires driving the three magnetic di-

pole transitions that couple three Zeeman substates of the
II. MOTIVATION 5S,,» ground state of atomic rubidium. A rubidium/buffer gas

N ] » vapor cell will be placed in the center of the resonator, with
The ability to drive three transitions between three states,, interaction region defined by the overlap of one initial

of an atom simultaneously, such that the highest of the thregiae preparation laser and two final state detection ldaers
transition frequencies is equal to the sum of the lower twogg,, mn?), as discussed below. The application of three cw
allows one to study coherence in the atomic system. To thge hendicular magnetic fields will be used to couple the sub-
authors’ knowledge, no experimental work has been dongates; since a field parallel to the direction of the dc mag-
pertaining to triply driven three-state systems. These types cﬁetic field (the z direction can coupleAm=0 transitions,
closed excitation loops exhibit population dynamics that dif-5,4 the other two fields in the andy directions can couple
fer in one important respect from both singly driven two  j— -+ 1 transitions, as shown in Fig. 1. Our three magnetic
level systems and doubly driven three level systems: Triplytie|gs need only be mutually perpendicular within the inter-
driven coherent three-state systems have the potential fofction region at the center of the resonator. In addition, the Q
population evolution that is directional in time. The threey.tors for the three magnetic fields need to be high enough
continuous waveicw) driving fields in our system can be , generate field magnitudes sufficient to couple the states,
but not so high that off-resonant phase shifts become prob-
dElectronic mail: tstievat@umich.edu. lematic. Q’s of about 100 turn out to be in the right range.

nd is the net phase around the three state loop. It is the only
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) ) a7 A1(2) is the antechamber used with the main cavity to form effective cavity
FIG. 1. Three Zeeman substatéabeled in 4F,mg) basis of the®Rb 55, ¢q(9) 11(2) s the input inductive iris forB, ). PA(2) is a port that is
ground state, coupleq by magnetlc_ dlpole transitions at a dg bl_as field of goﬁansparent foB, (2, and reflective foiB,y) .

Gauss. The frequencies and polarizations for each magnetic field are shown.

The experiment will be carried out at a static magnetic ﬁeldexperime_nts would require a trimodal device tha_t s resonant
of 806 Gauss if’Rb at transition frequencies of 727 MHz at two microwave frequencies for the electronic magnetic

5.304 GHz, and 6.031 GHz for the three states shown in FigdiIOOIe transitions and at one If requency for the NMR sig-

1 nal.
The properties required of the trimodal resonator in-
clude: independent tunability of each frequency to achievdll. DESIGN AND CONSTRUCTION OF THE TRIMODAL
specific resonant frequencies, compensating for detuning eRESONATOR
fects inherent in loading the cavity; isolation and geometrica. The bimodal resonator
perpendicularity of each mode at the central interaction re-
gion; moderately high Q factors for each fidltharacterized
by minimal losses due to resistive heating or radiation o

electric fieldg; homogeneity of the fields at the central inter- h in Fig. 2 lanDi "
action region; and phase control. As shown in Fig. 2, two overlapping resonant cavities, C1

Various techniques from nuclear magnetic resonanc@nd_ c2, rotated_90° with r_espect to one another,_form _the
and electronic spin resonance suggest some possible alterf2@Sis of the device. In a single rectangular metallic cavity,
tive uses for the trimodal resonator. For example, electront10S€ frequencies that satisfy the boundary conditions for a
electron double resonan¢&LDOR) requires two simulta- ransverse electricTE) mode(E, =0, tangential components
neously driven electronic magnetic dipole transitions, usually’f E @nd normal component & vanish at all cavity walls
at microwave frequencies, while electron-neutron doublé"””_y'eId a Iargg _resonant standmg_ wave field within the
resonancéENDOR) requires driving a nuclear magnetic di- cavity. The condition for resonance is given by
pole rf transition and an electronic magnetic dipole transi-
tion. The addition of a third field opens up the possibility for wo=Cm \/
even greater signal resolution and sensitivity compared to
double resonance techniquels an electron-nuclear-nuclear Wherea,, a,, anda, are the width, length, and height of the
triple resonance experiment, two rf magnetic fields are usegavity, respectively. The parameterg, ny,, andn, are the
for the nuclear transitions, and one microwave magnetic fieldnode numbers corresponding to the integer number of half-
is used for the electronic transition. In an electron-nuclearwavelengths that fit into the cavity in each of the three di-
electron(ENE) triple resonance experiment, two microwave rections. The resonant frequency is specified by choosing the
and one rf field are usetlA trimodal cavity that produces cavity dimensions to satisfy Ed2) for a given TE , n,
magnetic field standing waves can be used for any of thesmode.
types of cw triple resonance experiments, as well as pulsed The bimodal cavity consists of a main chamber that
experiments that require repetition rates or rise times ndorms part of the resonant cavity for both modes, and two
faster than the buildup time of the resonant fields in theantechamber§Al and A2 that each form part of the reso-
cavity> nant cavity for one mode only. The length of each antecham-

Recently, polarization-enhanced nuclear magnetic resdser is identical, and chosen to be half that of the main sec-
nance(NMR) spectroscopy has obtained signal enhancemertion. A TEy3; mode in C1 and a Tfgomode in C2 are set up
by polarization transfer from free electrons to nuclear spinsn the following way. An electromagnetic field with E-field
through microwave irradiatiohThese techniques can ideally polarized in thex direction is fed into the cavity through an
increase NMR signal intensities by the ratio of electronic toinductive iris, 11. P2 is reflective for this mode, since the size
nuclear Larmor frequencies. The use of a second microwavef the opening in the direction is below cutoff. The reso-
field for a double-polarization transfer experiment could in-nant cavity for this mode will then consist of Al, plus the
crease the sensitivity of NMR signals even furtheéduch  main section. A second field at a different frequency with

The design of the bimodal resonator, used to deliver the
fwo high frequency fields, is based on a design initially used
for electron paramagnetic resonan&PR spectrometry:®
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E-field polarized in thez direction is fed into the cavity bimodal resonator is inherently nondegenerate since the di-
through the inductive iris 12. P1 is reflective for this mode. mensions, anda, are chosen to be unequal, yielding reso-
By choosing this overall mode configuration, there are twonant frequencies separated by nearly 1 GHz. Previous de-
equations for two unknownga, and a,) that uniquely signs matche@, anda,, producing modes that could differ
specify the cavity dimensions, for any given cavity length,in resonant frequency only through differential dielectric tun-
a,. The fact that C1 has a discontinuity in width,, is of  ing, usually 100 MHz or less. Although the performance of
little consequencéas long as the dimensions of Al do not degenerate and nondegenerate prototypes that we have tested
put the mode below cutoffsince the resonant frequency is quite similar, there are some noteworthy design consider-
does not explicitly depend on this dimension. The same igitions specific to the nondegenerate case pertaining to the
true for the heighta,, of C2. choice of the cavity dimensions.

There are other advantages to this mode configuration. In the nondegenerate design, the impedance mismatch
The electric field nodes and magnetic field antinodes for botfior mode one at P1 is different than that for mode two at
fields occur at the center of the main section, since there af@2™° This can be ignored to first order, as long as the reso-
roughly three half-wavelengths in each mode’s effective cavhance detuning due to sample loading and tuning screws is
ity. Here, mode one has a magnetic fieB,) polarized in  equally distributed among the three half-wavelength sections
the z direction, and mode two has a magnetic fieB,)  Of each cavity, maintaining E-field nodes at P1 an P2. How-
polarized in thex directiorf (as shown in Fig. ¥ It is here  ever, the optimal design both minimizes and matches reflec-
that an experiment is performed in the cavity, exploiting thetion of mode one at P1 and mode two at@&suming large,

overlapping maxima in the magnitudes and zeros in the gracomparable Q's are desiredrhis implies choosing, and
dients of the magnetic fields. a, to be as close as possible, while still supporting nonde-

The insertion of a dielectric scre@@hown in Fig. 2into  generate resonances. Furthermore, the size of the noncritical

one of the antechambers tunes the resonant frequency of thafitechamber dimension should match as closely as possible
antechamber’s mode by increasing the effective path lengtfhat dimension of the main chamber, while keeping that re-
inside the resonant cavity. It does not affect the resonarflion below cutoff for the cross polarized mode.

frequency of the other mode, since only one mode occupies ©On the other hand, there are other considerations that do
the volume of the antechamber. The position of each screw {80t necessarily favor matchirey anda,. For a given sepa-
chosen to overlap an E-field antinode, maximizing its effectation in resonant frequencies, the closgranda, are, the

on the resonant field and thus its tuning range. We have uséfeater the difference in attenuation constants for the two
both nylon and alumina as the tuning dielectrigsn. long, antechambers. This is because there exists an optimal ratio
32 turns per inch though the majority of the results pre- MXcutorr fOr which the attenuation constant for the propagat-
sented are for nylon. Due to its high loss, nylon should noind TE mode is minimized> As a consequence, the two
be used for applications requiring very high Q’s. This tun-modes will have different Q factors. In practice, all of these
ability is crucial to set the resonance to the correct frequenc§onsiderations may be simplified by correctly predicting the
after the sample is loaded into the interaction region, and téhagnitude of the sample detuning, thereby maintaining
account for effects from holes that allow the field to bu|geE-fieId nodes at P1 and P2. The precise reflectivity at these
out of the cavity. Dielectric loading and field protrusion Planes then becomes a secondary issue, allowing the non-
through holes both tend to increase the cavity's effectivecritical antechamber dimensions to be chosen to minimize
size, thereby decreasing its resonant frequency. Metalligftenuation and maximize the Q. Isolation between the
slugs inserted into regions of magnetic field are also commModes may be improve@ inadequatg by insertion of reso-
monly used to tune the resonant frequency of cavities upfant irise$? at P1 and P2, designed to be transparent for one
ward (via exclusion of magnetic flyx However, in our cav- mode and reflective for the other.

ity the only place where a B-field antinode does not overlap ~ The dimensions were chosen to give unloaded cavity
a cavity wall is in the center of the cavity, where mode-résonances at 6.40 GHz fds;, and 5.70 GHz forB,.
selective tuning is impossible. The dimensions of the cavitychoosing the cavity lengtha() to be a convenient 12 cm
are consequently chosen such that the unloaded cavity resg@nsistent with the requirements above specifigsto be

nant frequencies are higher than the desired atomic res@89 ¢m, and, to be 3.49 cm. These dimensions completely

nances. The resonance is then tuned downward throug#ftermine the size of the main cavity. The width of ante-
Samp]e |0ading and other perturbationS, followed by the inﬁ:hamber Al and the helght of antechamber A2 are chosen to

sertion of the dielectric screws. give the antechambers a cross-section that is similar to that
These perturbations should be minimized in order toused for C-band microwave waveguide, to reduce attenua-
maintain a high Q factor and to disturb the overlap of thetion and improve the Q. Unplated brass is used for the cavity
central B-field antinodes as little as possible. The best dewalls because of its ease of construction, and is found to give
signs are those for which the detuning due to perturbations 'S in the proper range.
the main cavity is roughly twice the detuning due to the
screw in the antechambéor a given modg and the detun-
ing for one mode is comparable to that of the other mode.
The present design departs from older bimodal EPR  For delivery of the third magnetic field mode, rf tech-
spectrometefs’ in the choice of dimensions, which govern niques are used to setup the desired field at 727 MHz. The
the resonant frequencies in the manner described above. Odesign is based on a shielded loop resonator developed for

B. The shielded loop resonator
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side of the loop makes its resonance characteristics largely
impervious to dielectric loading and reduces capacitively
mediated losses.

For rf signals, the skin depth of the conductive material
of the shield is much less than the shield’s thickness. This
has the effect of electrically isolating the inner and outer
sides of the shield everywhere except at the gap and
feedpoints* Current in the central conductor induces an
equal current in the opposite direction on the inner side of
FIG. 3. The shielded loop resonator. The impedance at the gap in the shie h? shield. Cur_rent on the ||_’IS|d(.E of t.he shield dIVId?S atcor
between points C and D is the gap capacitarGg)(in parallel with the into current in the opposite direction on the outside of the
inductance around the outer part of the shieldl,(shown schematically by ~ Shield, and a capacitive charge buildup across the gap. The
the dashed components. Changing the capacitadgefunes the resonant net current in the structure can then be thought to be solely
frequency of the loop. on the outside of the shield. It is this current that sets up a
resonant magnetic field in the near-field of the loop, imply-
ing that the outer part of the shield should be thought of as an

magnetic resonance imagin:® A schematic of the inductor. Once the standing wave has been formed, all cur-

shielded loop s _shown n Fig. 3. The_dewce _con5|sts of Gent in the loop must have the same phase, and has mirror
length of semirigid coaxial cable that is bent into a closed

loop (the exact shape is not critigalvith the shield(outer symmetry between the tofA-C sidg and bottom (B-D

conductor of the coaxshorted together at the feedpoints. side. Therefore, the magnetic field standing wave outside

The shield directly opposite the feedpoint is completely re-j[he loop generated by this current also has a definite phase,

moved from the cable, creating a gap at that position. Therg}dependent of position. As long as the I_oop IS operat(_ad na
are many methods that can be used to drive the loop at tH§0de where the resonant wavelength is at least twice the
feedpoints. One method that has been found to be particd@0P circumference, the magnetic fields generated at a given
larly simple is using an unbalanced feed to drive the loop apoint outside the structure by infinitesimal current segments

one of the feedpoint§A), and coupling the other feedpoint @round the loop add constructively.
(B) to ground with a tuning capacito€; . The dashed components in Fig. 3 are used for modeling

Operation of the resonator is similar to that of a simplePurposes to show that the total impedance across the gap in
magnetic dipole loop antenna, with some important distincthe shield(between C and Pis comprised of the gap’s ca-
tions. The presence of the shield around the central condugacitance Cg) in parallel with the inductance of the outer
tor prevents significant leakage of electric fields, except irpart of the shieldI(). A semidistributed circuit analysis that
the vicinity of the break in the shield between C and D.makes no assumptions about the size of the loop compared to
Instead, a strong resonant near-field magnetic standing wavke input wavelength finds the impedance of the loop be-
is created. The absence of any significant electric fields outween point A and ground to &

sifw7)[ wL +2Z30wCr(1— w?LCg)]+cog 0 7)[Zow?LCr—2Z(1— w?LCg)]+ Zow?LCr
cof wr)[wlL +2Z2wCr(1— w?LCg)]—SiNw7)[Zgw?LCr—2Z¢(1— w?LCq)]— wL

Z=iz, : 3

where Z, is the impedance of the coaxial cable,is resonant wavelength inside the coaxial cable is roughly twice
the travel time of an electronic signal around the loop,the circumference of the loop. By changing the feed capaci-
and o is the driving frequency. At resonance, a maximumtance, C;, the resonant frequency is tuned, essentially
in the stored energy within the cable occurs at the polegjlowing the loop characteristi¢sable impedance, velocity,

of the loop’s impedance, or equivalently when the reactancgpq loop circumferengeo be set by other design consider-
of the loop goes from inductivépositive to capacitive ations.

(negative. Thus, those frequencies that make the denomina-
tor vanish in Eq.(3) are the resonant modes of the loop,
(1)0:

A loop with a circumference of 12.8 cm is used in the

trimodal resonator, made from a semirigid, 2.2 mm diameter,

50 () cable (Storm Products, 421-193wvith a velocity of

cog woT)[ wol +2Z3woCr(1— wiLCg)]—Sin( wqy ) propagation specified to be 0F8r=0.55ns). It is chosen

) ) for its superior temperature-dependent phase stability and
X[Zowol Cr=2Zo(1~ gl Co)]= wol 4 small cross-section. The conductors are copper, separated by
There are multiple solutions to this equation, but@ teflon dielectric. The tuning capacitor is a nonmagnetic,

the loop has the highest Q factor when it is operated irhigh-Q device designed for NMR applicatiotidohanson,

the fundamental mode, for whiclwr~ . That is, the 56401.
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C. The trimodal resonator £ o L I ol Lo | | —&— Otums
To complete the trimodal resonator, the B-field gener- 'S 556 558560 562 564 566 568 570
ated by the shielded loofBg) must overlap and be perpen- E, Frequency (GHz)
dicular to bothB; andB, within the interaction region at the 8 10 : : S —
center of the main cavity. Due to the skin effect discussed & s A ‘ﬁ' | A 'L B
earlier, the magnetic field generated by a shielded loop,, 3 6 |— ; 1|. —
placed around the outside of the bimodal reson@igented Py h y | —e—C=29pf
in the xz plane, coaxial with the resonajawill induce eddy 2 [ F “_| = C=13pf
currents on the outer surface of the resonator having a direc o Lol la bl L ufl [ ] 4 C=8pf
tion exactly opposite that of the current in the outer part of 660 680 700 720 740 760 780 800 820
the shielded loop. The effect will be almost a perfect cancel- Frequency (MHz)

lation of the magnetic field at the center of the main cavity.FIG 5 R . .
. ; o . . 5. Resonance plots and tuning for each méalds data for mode one,

However, placing the shielded loop on the inside of the bi-p) is data for mode two, an) is data for mode three. The number of turns
modal resonator as shown in Fig. 4 has been found to gemr (a) and(b) corresponds to the depth of theylon) screws shown in Fig.
erate a magnetic field at the interaction region that is nearl¢-
indistinguishable from the field generated by the loop alone.

Figure 4 indicates the magnetic field configuration for all iahly | than the int . , . ith
three modes operating simultaneously in the resonator. Not(é ightly larger than the interaction regioin series with a

that though the three fields are not perpendicular throughmﬁ?ro'biiS S(;htﬁttky d.itOdéM'Plgse’ mp 2(t)7)2ins]:ar;ed into |
the whole cavity, they are perpendiculavith minimal gra- € center of the cavity Served as an antenna-ied square-law

dients in the central interaction volume of a few mmccu- detectqr, t%'v'fr.]glg }/qltt_aﬁ]e dlrectlyfp rc(ijit)r? rilonalhto thde sgo;ed
pied by the rubidium atoms of interest. powerin the field. Initially, we verilied that each mode had a

The presence of the metal and dielectric of the coaxia[nagnetic field with the proper polarization by placing the

cable alter the resonance characteristics of the bimodal res [k?ne Otf the loop atnhtenna.nozrr:jal t'(:r:he B field fotr th?t Irln;)hde.
nator only slightly. As long as a small cross-section loop is € antenna was then oriented with components ot afl three

placed adjacent to the walls of the cavif§f; approaches B fields perpendicular to its plane. Me_asurement§ were made
zero at the cavity walls that lie in thgz plane, andE, of the resonant frequency and relative power in the three

approaches zero at the cavity walls that lie in tiyeplane of f|eld_s. With the tuning screws removed from the bimodal
cavity, the resonances of these two modes were measured to

Fig. 4 and at an E-field node, the detuning effects of the )
loop’s dielectric and the exclusion of electric flux are mini- b(_a 5.64 and 6.33 GHz. These resonant frequencies are
slightly lower than those predicted by Eg) because of the

mal. The exclusion of magnetic flux by the loop could in wurbai o th ity With the tuni i th
principle significantly tune the resonant frequencies of thd’erurbations fo the cavity. Wi € funing capacitor-on the
shielded loop set to a minimurZ pf), the resonant fre-

cavity higher since the magnetic fields are not small in the .
central nodal plane at the cavity walls. However, the detunduency was found to be about 800 MHz. Tuning data for

ing effect of the loop on the bimodal cavity modes was mea—each made driven with the other two off is shqwn _in Figs.
sured to be very smalH5 MHz). Thus, a loop with a semi- 5(a)—5(c)._Ny_I0n_screws were used for the data in Fig)5
rectangular shape is used to minimize its distance from th nd §b), indicating a tuning range for each mode of about

cavity walls. The two ends of the loop are brought out of thet S MHé' Alum:(na sdcrtews wg(;e alsto gsed 0 tunefthcta) retsigg-
bimodal cavity through a hole in one of the side walls, and Olr—'l a? weri oug 0 provide a tuning range of abou
wired as discussed above. The shield needs to be electricall§' 2 '°" egg mode. .

In addition, reflection measurements were made for a

isolated from the walls of the cavity, and is grounded at the .
feedpoints. range of data points around the resonant frequency, as shown

in Figs. Ga)—6(c). The reflected power was measured by
placing a directional coupler at each input of the trimodal
resonator, such that reflections from the cavity were sent to a
The first tests performed on the trimodal resonator demeiode (Hewlett Packard crystal detector 43Pfor rectifica-
onstrated the modes’ tunability. A small pick-up loop tion, giving a voltage proportional to reflected power. These

IV. TESTING THE CAVITY
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1.0 B TABLE |. Summary of data from the trimodal resonator.
:":T g:z ! B field Polarization  Resonant frequency  Tuning rang&nioaded
a. g 15 turns -
0.4 B, 2 6.3 GHz 100 MHz 200
g ., | B, % 5.6 GHz 100 MHz 150
5 o Lo B % 0.7 GHz 125 MHz ~45
—g 626 628 630 632 634 636 638
; Frequency (GHz) for B; vary between 25 and 65, depending on the value of
5 o _CT. Preliminary measurements were alsoltaken with the cav-
b 0'8 R L N B, ity loaded with a 2.& 3.4X 1 cm rubidium-filled quartz cell.
s 7 - The loaded Q’'s ofB; and B, were still in the range of
b. g 06 14 turns 100-200, indicating that the cell has little effect on the field
& 04 geometry and node placement inside the resonator. Loading
g 02 had no measurable effect on the resonant lineshag®; pf
é’ 0.0 consistent with the supposition that the shielded loop pro-
B 556 5.58 5.60 562 564 566 568 570 duces very little E field.
o Frequency (GHz) In order to obtain a measurement of the isolation be-
% tween each of the modes, the rectified voltages at the inputs
o 10 \ \ \ | | B to two of the ports were monitored while the third mode was
8 08— - driven at resonance. The isolation between any two modes
c. Té 06— —1 C,=15pf Was measured to be better than 22 dB, a result of the geo-
5 04 — - metric perpendicularity between the modes. Also, with the
Z 02— — shielded loop driven on resonance no field was measured in
0.0 | | | | | B, andB, (the detector noise places the lower limit on the
700 710 720 730 740 750 760 isolation measurement at 40 pBlue to the fact that this

Frequency (MHz) frequency is well below cutoff for the bimodal resonator.
Finally, measurements were made of the phase control
FIG. 6. Measurements of the reflected power from the input port for each . hin th y fth P Il ohé
mode driven near resonance. W|t'|n t e structure. A mea;urement 0 _t e overall phdise
defined in Eq.(1), was obtained by placing the antenna-fed

plots show that the reflected power passed through a min(_ectifying diode loop into the cavity. The three frequencies

mum at resonance, indicating energy was efficiently transVere mixed by the diode, producing sum and difference fre-

ferred from the transmission line to the standing wave fieldsduenciesand higher harmonigsgiving a dc level that has a

Figure 7 shows a least-squares regression analysis fofominant term proportional to si). This type of phase

the resonant frequency &; versus tuning capacitanog,. ~ measurement is only possible when +w,=ws. For the
Fit parameters from the model give values ©g (7.0 ph following phase measurements, the three modes were tuned
and L (17 nH), both near approximate expected values,t0 be resonant at 6.33 GHz f_@l’ 5.61 GHz forB,, gnd
showing that Eq(4) provides a sufficient description of the 0'72, GHz fc_)rBS, and were drlyen at these frequepues. By
resonance condition for the loop. varying the input phase of the field fed into the cavity for any
These data also give a measurement of the Q for eachne of the three signals, the dc level at the output of the
mode, shown in Table |, where the Q is definedugdA w diode should vary accordingly. For the data shown in Fig. 8,
and Aw is the full-width at half-maximum(FWHM) of the ~ ¥1 Was varied by changing the path length of the input trans-
stored energy versus frequency line shape. Typical Q's fopission line, using an air-filled 5Q variable delay line. The

B, andB, are about 200 and 150, respectively. Typical Q,Sde_te.cted.pow.er is .plotted versus the delay length of the trans-
mission line, in units of the known wavelength for that mode

(Ao=47.3mm). Since Fig. 8 displays results from a loop

® 82 S ) .
g S T T T T T probe, it is a measurement of the overall B-field phase in the
2 F\® e Data E
> AW — Fittodata 511
g 775 — \\? — § 10 - T T T T T T T ]
% TN Parameters from fit: | TE ;"'\ "“\k e Data
o i . L=17nH ] g 5 o «’ \\ s | __ Fitto data,
S5 - o, C=T0pf 2 8 X 7 5 / yielding
S 3 b : g ST )_/‘( %, / 7 A=47.8 mm
g B ‘\*\k\.\. i 3 6 | | . 8 ‘ — (A, =47.3 mm)
E 675 7\ L1 ‘ L1 ‘ L1 ‘ L1 ‘ L1 \‘\‘\\\Tr\i g‘ 5 I I I I
00 05 10 15 20
5 10 15 20 25 30 35
an,
C D

FIG. 8. B-field phase measurements in the trimodal resonator. The phase of
FIG. 7. Tuning data for the resonant frequencyBaffit to Eq. (4). C; is a B, in the cavity is varied by changing the length of the input transmission
tuning capacitor placed at a feedpoint for the shielded loop. The values dine, d. B, is driven at 6.33 GHzB, is driven at 5.61 GHz, anB; is driven
Cg andL are obtained from the fit. at the difference frequency, 0.72 GHz.



1786 Rev. Sci. Instrum., Vol. 70, No. 3, March 1999 Stievater et al.

resonator. The fit wavelength is found to be consistent witlresonator produces appreciable magnetic field standing wave
the known wavelength at a level of 1%, indicating that pre-modesB, and B; with the stated polarizations.
cise relative phase control of the modes inside the resonator In summary, we have demonstrated a tunable trimodal

is obtainable. resonator for three perpendicular magnetic fields. Each mode
is independently tunable, and the Q’s are approximately 200,
V. APPLICATION TO T-INVARIANCE EXPERIMENT 150, and 45 foB,, B,, andBj;, respectively. The resonator

In order for the trimodal resonator to be used for thehas. peen obseryed to couple magnetic dipole transitions in
time-reversal experiment in rubidium, several modificationsln"b'clj'um'tandtW'Il S(iotn be used tol coherenttly ‘,’”Ve a tti1re§-
are necessary. Signal from rubidium indicating population ineVF:: system 1o lest ime-reversal symmetry in an atomic
one of the three sublevels of the ground state is obtained? €™M
through excitation by two weak frequency-stabilized probe
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