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We describe a new triply tuned (e2, 1H, and 13C) resonance
tructure operating at an electron Larmor frequency of 139.5 GHz
or dynamic nuclear polarization (DNP) and electron nuclear
ouble-resonance (ENDOR) experiments. In contrast to conven-
ional double-resonance structures, the body of the microwave
avity simultaneously acts as a NMR coil, allowing for increased
fficiency of radiofrequency irradiation while maintaining a high
uality factor for microwave irradiation. The resonator design is
deal for low-g-nuclei ENDOR, where sensitivity is limited by the
act that electron spin relaxation times are on the order of the RF
ulse lengths. The performance is demonstrated with 2H ENDOR
n a standard perdeuterated bis-diphenylene-phenyl-allyl stable
adical. In DNP experiments, we show that the use of this reso-
ator, combined with a low microwave power setup (17 mW),

eads to significantly higher 1H signal enhancement (e ; 400 6 50)
han previously achieved at 5-T fields. The results emphasize the
mportance of optimizing the microwave B1 field by improving
ither the quality factor of the microwave resonator or the micro-
ave power level. © 1999 Academic Press

INTRODUCTION

Electron paramagnetic/nuclear magnetic resonance (
MR) multiple irradiation techniques are powerful spec
copic tools for enhancing sensitivity and spectral resolu
n conventional NMR and EPR experiments. In a typ
ynamic nuclear polarization (DNP) experiment, microw

rradiation is applied to the sample at or close to the elec
armor frequency in order to transfer polarization from
lectron to the nuclear spins. For all polarization mec
isms (1– 6) the NMR signal enhancement increases w

he microwave magnetic field strength. Similarly, in pul
lectron nuclear double resonance (ENDOR) the NMR s

rum is detected by monitoring either the electron spin e
r the electron free induction decay and therefore ta
dvantage of the high polarization of the electron s

1 To whom correspondence should be addressed. E-mail: griffin@c

(it.edu.
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7, 8). Both double-resonance experiments require high
rowave as well as high RF field strengths at the sam
osition for optimal performance.
In the past decade, the general trend of performing do

esonance experiments (ENDOR and DNP) at increas
igher fields has led to the implementation of pulse exp
ents at fields of 3–10 T (9–14). Experimental limitations fo

he implementation of pulse techniques derive from the pa
f high-frequency, high-power microwave (mW) sources. Fo
NP experiments at 140 GHz, we have successfully in
uced a cyclotron resonance maser (15) that provides a hig
utput power of 10–100 W. Nevertheless, routine EPR/
OR spectrometers are based on commercially available
owermW sources, such as GUNN and IMPATT diodes (,70
W output power), due to their easy operation, maintena
nd small size. Because of their lower power these so
equire high-quality resonator designs in order to achieve
onable pulse lengths (tp/ 2 , 200 ns) in pulsed EPR/ENDO
xperiments.
Several designs of RF transparent microwave reson

tructures for double resonance have been used at X-ban
requencies (8–10 GHz) (16–21). Initially, slow wave helice
ere successfully used to increase the microwave mag
eld at the sample position (16, 17). In special cases, it wa
ound that helices can lead to higher spin sensitivity
esonant cavities, although themW quality factor is reduced b
early an order of magnitude due to radiation losses of the
tructure (20). An application of this particular design at hi
W frequencies is not possible for two reasons. First,

esonance frequencies of the helix are fixed by its geom
nd do not allow tuning to the microwave frequency of
ource. Second, if 2pa . l/ 2, wherea is the radius of th
elix andl the free space wavelength of themW, the helix no

onger acts as a slow wave structure propagating only
undamental mode. Instead, higher modes and radiative w
re excited without concentrating the electromagnetic en

nside the helix to produce intense microwave magnetic fir.

see case (b) in Ref. (20)).
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A more suitable double-resonance design was propos
yde (18) and used by Gruberet al. (21) for X-band frequen
ies. Based on a cylindrical cavity operating in the TE011 mode,
he solid metal wall was replaced by a RF transparent h
ixed metal top and bottom plates completed the cavity w
ad a fixed resonance frequency determined by its geom
yde used a one-turn loop consisting of the top and bo
late of the cavity and additional straps down the side o
avity completing the loop for RF irradiation. In contra
ruberet al.employed the windings forming the cavity wall
reate the RF field.
In high-frequency ($90 GHz) EPR and ENDOR, two typ

f microwave cavity designs are customarily employed:
ylindrical TE011 cavity, first proposed by Grinberget al.at 140
Hz (22), and the Fabry–Perot resonator (23, 24). To date the
ylindrical cavity is usually used at frequencies below
Hz (9, 10, 13, 14, 22), whereas the Fabry–Perot system
urrently used above 200 GHz (25–28).
The reduced size of the cylindrical resonator operating
illimeter wavelength does not allow an NMR RF coil to
ounted inside the resonator. An external RF coil, howe

uffers from a dramatic loss of RF magnetic field strengt
he sample position due to the skin effect (RF skin dept
ilver at 211 MHz5 4 mm). However, for proton ENDO
xperiments at 140 GHz (14), we recently followed the conce
roposed by Burghauset al. at 95 GHz (9), which consists o
combination of a high-quality cylindrical cavity with

xternally mounted RF coil. In order to allow for RF pene
ion into the resonator, slots were cut along the cylinder w
erpendicular to the cavityz axis. With this design we we
ble to achieve a reasonable RF efficiency for proton END
p pulse width of;13 ms) by combining a high-quality circu
ith moderate RF power (#400 W). Indeed, pulse lengths

he order of 10ms are considered a reasonable compro
etween RF power broadening and ENDOR sensitivity. H
ver, the pulse lengths increase with decreasing gyromag
atio of the nuclei. Further, improved efficiency is desirabl
NDOR experiments of low-g nuclei (for instance,13C, 2H,
nd 15N) to compensate for effects of short electron s
elaxation times.

Here we describe a new triply tuned (e2, 1H, X 5 13C, 15N,
tc.) resonator design based on a helical cylindrical cavit
40 GHz, which achieves high EPR and NMR conver
fficiencies. We discuss the advantages of employing su
avity structure in both types of multiple-resonance exp
ents, DNP and ENDOR. We performed13C-detected1H DNP
xperiments on a TEMPO-doped glycerol/water solut
hich yield much larger signal enhancements than previo
ttainable at our field of 5 T. The ENDOR performance
emonstrated with2H ENDOR on a standard perdeutera

DPA stable radical. p
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CAVITY DESIGN AND PERFORMANCE

The point of departure for the development of a 140-G
ouble-resonance cavity is the standard cylindrical TE011 cav-

ty, which combines highmW conversion efficiency, hig
lling factor, and a highQ factor (29). The motivation aros
rom the excellent performance recently obtained in pu
PR experiments at 140 GHz, where we achieved EPRp/2
ulse lengths of 60–70 ns corresponding to a microw
agnetic field strengthB1 ; 1.5–1.25 G at thesample
osition with 5 mW of incident power. These results w
btained with a cavity radiusr and lengthl so that 2r /l ; 1
nd a centered circular iris.
The RF field was introduced into the cavity in a man

imilar to that of Gruberet al. (21), where the cavity wall als
erves as the NMR coil. As a result, our new 139.5-GHz
esonator is a combination of the TE011 cylindrical cavity and
n open helical structure. The solid cavity wall is replace
flat wound gold-coated copper wire (width, 2.1 mm; th

ess, 0.3 mm) forming a five-turn coil with a turn-to-tu
istance of 0.1–0.2 mm (Fig. 1a). The total length of the h
mounts to 12.7 mm. As with a slotted cylindrical cavity,
aps between each coil turn are almost perpendicular t
esonatorz axis, thereby maintaining the angular electric fi
istribution of the TE011 mode.
At our operating frequency, the performance of the reson

s critically dependent on its mechanical stability, and there
he helix is inserted into a solid block of Kel-F that a
ccommodates the leads in appropriate slots (see Figs. 1
c). In this configuration, the position of the helix is fix

nside the housing and with respect to the incident waveg
wo plungers (Kel-F) with copper end faces (thickness: se
m) on either side of the coil complete themW resonator. Th
ample is held in place by a fixed plunger, while a mov
lunger is used for frequency tuning. The tuned cavity s
mounts to one wavelength (;2 mm) and is centered arou

he iris coupling hole. The plunger end faces are machin
e 0.02 mm smaller in diameter than the plunger itself, the
reventing electrical shorting of the coil.
The resonator is coupled to a WR-6 (1.653 0.82 mm)
aveguide through a circular iris (diameter 0.66 mm), cent

n the middle turn of the coil (Fig. 1c). For 140-GHz expe
ents the use of the WR-6 waveguide with a small c

ection prevents the waveguide from shorting several
urns. Additionally, we observed arcing from the coil to
aveguide during cross polarization and proton decoup
hen using a WR-8 waveguide and cooling with helium ga

he DNP experiments the coil is part of a typical solid-s
MR circuit, which consists of two high-qualityLC parallel
ircuits for 1H (Q1H 5 250) andlow-g nuclei (Q13C 5 110),
espectively, and variable matching and tuning capacitors
igh-voltage variable capacitors are mounted on top of

robe, outside of the cryostat to prevent arcing and tempera-
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ure-dependent capacitance changes during experiment
elium cooling. A semirigid cable of approximatelyl/2 (for
rotons) connects the capacitors to the helix.
Microwave pulse lengths were estimated with our cus

esigned 139.5-GHz pulsed EPR spectrometer by monitorin
cho-detected EPR signal of an evacuated, standard 1%
iphenylene-phenyl-allyl (BDPA) sample as a function of
ulse length. With 5 mW incident power to the cavity we fo
/2 pulse lengths of 80–90 ns, representing an improvemen
reviously reported values of 100–110 ns obtained with a sl

FIG. 1. The helix resonator assembly from different views. The helix
oth plungers are housed in a Kel-F block to provide mechanical stabilit
ood coupling to the microwave waveguide. The sample is contained in

o 0.9-mm-o.d. quartz EPR tube held in place by the fixed plunger.
esonator is tuned to the frequency of the microwave source by movin
djustable plunger. In the configuration described, the resonator pro
icrowaveB1 and radiofrequencyB2 fields parallel with respect to each oth
nd perpendicular to the external Zeeman fieldB0.
ylindrical resonator (14). The radiofrequency field strength,B2, i
ith

-
he
is-

er
d

t the sample position was determined with NMR experimen
easuring pulse lengths with conventional methods. Using
m-o.d. sample tubes containing 0.3ml of doubly 13C-labeled
lycerol we determined both1H and 13C RF field strengths
ompared to the previously reported double-resonance setu
xternally mounted RF coil, we obtainedp/2 pulse widths of 3.
P1H 5 150 W) and 5ms (P13C 5 800 W), respectively. Thus, th
ew helix circuit turns out to be more efficient for1H and13C by
factor of;3.4 and;2.6, respectively.

DYNAMIC NUCLEAR POLARIZATION

The performance of the new resonator in DNP was te
ith 13C-detected1H DNP experiments (see Fig. 2) using
olid-state NMR spectrometer mentioned above which
loys a 5-T magnet equipped with a675-mT superconductin
weep coil (13). A DNP/NMR probe has been built to inco
orate a mechanically stable housing for the helical ca

ogether with a tuning assembly. The microwave source
UNN diode with 17 mW output power (Microwave Corp
onnected to the DNP probe via a circulator and an over
aveguide (WR-42, 0.23 dB/foot attenuation). Before c
ling to the resonator, the waveguide is tapered to a W
aveguide (3 dB/foot attenuation). The incidentmW power a

he cavity amounts to;4 mW. Tuning of the resonator
chieved by minimizing the reflectedmW power, monitored

hrough the circulator with a calibrated power meter
32 A).
In order to compare the NMR signal enhancements to

ious 1H DNP measurements without a cavity (30), a sample o
0 mM 4-amino-TEMPO nitroxide radical in [1,3-13C]glyc-
rol/water (60/40) was investigated. The microwave-indu
olarization transfer from TEMPO to the1H nuclei was mon

tored indirectly after cross polarization from1H to 13C nuclei
ocated in the solvent (see Fig. 2). This allows an accu

FIG. 2. Pulse scheme of the13C-detected1H DNP experiment. The m
rowave is irradiated continuously, driving the polarization transfer to so
rotons. After cross polarization from1H to 13C, the 13C free induction deca

1

d
.5-
e
he
es
s detected duringH decoupling.
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etermination of the signal enhancement as no significan13C
ackground signal is present.
The sample was loaded into a 0.5-mm-o.d. quartz tube
filling height of 2 mm to match the dimensions of

esonator (V ' 0.25 ml). Oxygen was removed on a hi
acuum line by performing several freeze, pump, and t
ycles and flushing with argon gas during sample thawing.
rotonT1 relaxation time was measured to be 1006 10 s a
5 20 K.
We recently demonstrated (31) that the1H signal enhance
ent in the TEMPO/water/glycerol matrix occurs via thether-
al mixing effect,provided that the TEMPO radical conce

ration is sufficiently high to permit electron–electron s
iffusion across the inhomogeneously broadened EPR lin

hat case, energy conserving three-spin flip-flop process
wo electron spins and one1H spin occur at a rate (6)

1

T
5

1

T

uBu 2

2

f~v I!

f~0!
,

FIG. 3. DNP-enhanced13C signal of [1,3-13C]glycerol/water (60/40) dop
00 6 50 was observed atT 5 12 K using the new helical resonator an
icrowave irradiation is shown in the lower trace. The inset displays th

rradiation within the EPR line. The Zeeman field was set to the maxim
SSI 2S v I t
th

w
e

In
of

eading to an enhanced1H polarization. v I is the nuclea
eeman frequency of the protons, 1/T2S is the rate for th
bove-mentioned simultaneous electron–electron spin flip

Bu 2 is a coefficient for the strength of the dipolar coupl
etween one of the electrons and the protons averaged o
rotons in the vicinity of the electron spin.f(v) is derived

rom the normalized EPR lineshape function and indicate
robability of finding two electrons having an energy sep

ion of v.
The experiment was performed with the magnetic field s

he value for maximum positive signal enhancement (see
f Fig. 3). Continuous wave microwave irradiation of
ample polarized the solvent protons. Subsequently, cros
arization (CP) to13C was performed and the free induct
ecay (FID) was monitored during proton decoupling (Fig
he RF field strengths were;60 kHz for a1H p/2 pulse and
0 and 60 kHz for the CP and decoupling fields, respecti
Figure 3 compares the cavity-enhanced13C signal (uppe

13

with 30 mM 4-amino-TEMPO nitroxide radical. A signal enhancemente ;
n incident microwave power of only 17 mW (upper trace). The signal

itroxide EPR line as well as the1H enhancement versus the position of microw
of the enhancement curve (1150 MHz).
ed
d a

e n
race) with the C signal withoutmW irradiation (lower trace)
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t T 5 12 K. Both 13C signals were obtained with an exp
mental time of 64 min and a recycle delay of 120 s.
bserved signal enhancement amounts toe ; 4006 50 when

he resonator is tuned. The uncertainty of the value is prim
ue to the extremely small intensity of the unenhanced si
reviously, maximum enhancements of;30 were achieve
ith the same GUNN diode using amW reflector assembly
arger enhancements could be obtained only when us
igh-powermW source such as our gyrotron (incident powe

he probe;1–3 W). Enhancements of 185 have been obse
nder stable gyrotron operation and no microwave cavity
This improvement of the DNP performance at low level

W power is clearly due to an increase of themW magnetic
eld at the sample position. It also shows that the previo
btained enhancements using high-power microwaves
ot limited by the polarizing agent but rather by the efficie
f the mW irradiation.

ENDOR

The ENDOR performance of the double-resonance c
as demonstrated with2H ENDOR on an evacuated, perde

erated 0.3% BDPA in a protonated polystyrene matrix.
xperiments were performed with a custom-designed 1
Hz pulsed ENDOR spectrometer described elsewhere14).
At 5 T, the Larmor frequencies of low-g nuclei such as13C,

2H, and15N are distributed in a frequency range spanning;60
Hz. Thus, a broadband RF circuit that matches this e

requency range is easier to operate than a high-quality,
unable probe as we use for1H ENDOR. In the following we
how that the lower RF efficiency of a broadband circuit
eads to high ENDOR performance when combined with
elical cavity.
The helical cavity was connected in series with a 50-O

igh-power resistor, resulting in a circuit with the characte
ics of a low-pass filter. A 50-Ohm semirigid coax cable w
.325 in. o.d. and a stranded silver-plated copper inner
uctor leads the RF power to the helix. A second semi
able connects the helix to the 50-Ohm load, located ou
he probe to prevent power heating at helium temperature
rder to maintain matching and RF efficiency, we use shor

eads of about 10 mm and achieve a coupling of about 1
ver a frequency range of 0–70 MHz, corresponding to
eflected power. Variable incident RF power can be obta
ith a pulsed amplifier (American Microwave Technolog

nc., Pmax 5 2 kW, 0–130 MHz).
ENDOR spectra were recorded with the Mims-END

echnique (32), illustrated in Fig. 4. This sequence is m
ensitive to small hyperfine couplings as expected for log
uclei than the more popular Davies-ENDOR. In fact, no2H
NDOR spectrum was observed with a Davies-ENDOR
uence. Since the Mims-ENDOR intensity suffers from a

iodic dependence on the spacingt between the twop/2 t
e

ly
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reparation pulses, given byI ENDOR } 1 2 cos(2pAt), where
is the hyperfine coupling constant, it is desirable to acq

pectra for differentt values in order to obtain the comple
yperfine information. However, only a limited variation ot
an be accomplished since the intensity of the electron
cho decreases substantially due to a fast electronicT2 relax-
tion time. For our standard, degassed 0.3% perdeute
DPA sample, spectra were recorded with pulse spac
etween 250 and 850 ns. The samples were loaded
.5-mm-o.d. quartz capillaries with a filling volume of ab
.25 ml.
Figure 4 displays experimental2H ENDOR spectra (soli

ine) and simulations (dashed line) for the perdeuterated B
ample at room temperature. The experimental lineshape
he result of single RF frequency sweeps, recorded with

FIG. 4. 2H Mims-ENDOR spectra of perdeuterated 0.3% BDPA at ro
emperature. The experimental spectra (solid line) were taken for a
pacingt of (a) 850 ns, (b) 550 ns, and (c) 250 ns. Other experim
onditions aretp/ 2 (mW) 5 88 ns,tp(RF) 5 85 ms, PRF ; 400 W, single scan
nd 300 transients/point. The simulation (dashed line) parameters aregx 5
.00263, gy 5 2.00259, andgz 5 2.00234. Thefollowing hyperfine
onstants are in MHz and represent the absolute values:1Ax 5 0.25, 1Ay 5
.25, 1Az 5 0.27, 2Ax 5 1.18, 2Ay 5 0.82, and2Az 5 0.3. (Inset) Structure
f BDPA radical.
ransients/point and an integration over half the width of the
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lectron spin echo. Baseline correction was performed
ubtracting the spin-echo intensity of two consecutive p
equences with and without the RF pulse. The RF pulse le
as adjusted on the10.4-MHz line in order to maximize th
NDOR effect. For about 400 W of power we found a pu

ength of;85 ms. We note that this value does not corresp
o ap pulse due to off-resonance contributions in the inho
eneously broadened ENDOR line, which increase the re

ng nutation frequency. Further, with the above optimized
ulse length and a pulse spacingt 5 250 ns we observed
aximum ENDOR effect of about 30% of the electron s
cho on the10.4-MHz ENDOR line.
Simulations were performed in order to understand the

erved lineshapes. Indeed, a qualitative analysis of M
NDOR spectra, even in a simple example, is very diffi
ince the spectra are visibly affected by the pulse spacingt of
he Mims-ENDOR preparation sequence. In perdeute
DPA (Fig. 4, inset), the electron spin density is delocal
n the diphenylene rings and alternates between neighb
arbon atoms, resulting in two sets of eight equivalent de
ns. Therefore, two distinguished hyperfine splittings are
ected. The hyperfine spectrum was first calculated using
ets of hyperfine couplings andg values which reproduce th
PR spectrum (not shown). We followed the simulation
edure described previously (7) and blindspots were introduc
y multiplying the calculated2H spectrum with (1 2
os(2p*2nRF* t))*(1 2 ^Sz&) (33), wheret extends from th
enter of the first microwave pulse to the center of the sec
etailed simulation parameters are given in the figure leg
e note that the simulation satisfactorily reproduces the

erved maxima and minima and relative intensities. No
ence for artifacts due to the new experimental setup
bserved. The differences observed between experimen
imulation in the depth of the blindspots, particularly at the
armor frequency (n 2 n0 5 0) for any value oft, are likely
ue to fast electron spin diffusion, which is not considere
ur simulation. In fact, the discrepancy increases witht and is
well-known effect in Mims-ENDOR (34).

SUMMARY

We have described a new multiple-frequency reson
tructure for high-frequency DNP and ENDOR. In DNP
eriments, the combination of a high-quality EPR and N
esonant structure permitted us to achieve a1H signal enhance
ent of;400 6 50 with a microwave power of only 17 m

ncident on the probe. In conjunction with our existing pul
PR board, we are now able to investigate polarization tra
chemes which require pulsed excitation and phase shif
oth microwave and radiofrequency channels. The result
lso important since they demonstrate that significantly
roved DNP enhancements are possible with an optim

icrowave/RF coil.
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We also demonstrated the utility of the resonator
NDOR experiments with2H ENDOR spectra of perde

erated BDPA. The use of the helical cavity eliminates
roblem of the RF penetration through a metallic reson
hich was occurring in the previous high-frequency E
OR resonators where the RF coil is mounted externa

he cavity. The higher RF efficiency, which results in sho
ulse lengths, should facilitate low-g-nucleus ENDOR ex
eriments on samples with short electronic relaxation ti
s well as more sophisticated coherence transfer EN
xperiments.
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