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The design and performance of a 95 GHz pulsed W-band EPR/
NDOR spectrometer is described with emphasis on the ENDOR
art. Its unique feature is the easy and fast sample exchange at 4.2 K
or frozen solution and single crystal samples. In addition, the micro-
ave bridge power output is relatively high (maximum 267 mW),
hich allows the application of short microwave pulses. This in-

reases the sensitivity in echo experiments because of the broader
xcitation bandwidth and the possibility of employing short pulse
ntervals, as long as the dead time does not increase significantly with
he power. The spectrometer features two microwave and radiofre-
uency (0.1–220 MHz, 3 kW pulse power) channels and a 6 T
uperconducting magnet in a solenoid configuration. The magnet is
quipped with cryogenic sweep coils providing a sweep range of 60.4
nd 60.2 T for a center field of 0–4 and 4–6 T, respectively. The
pectrometer performance is demonstrated on Cu(II) centers in single
rystals, a zeolite polycrystalline sample, and a protein frozen
olution. © 1999 Academic Press

Key Words: W-band; pulsed ENDOR; pulsed EPR; high field.

INTRODUCTION

One of the current frontiers in the field of EPR spectrosc
s high-field (high frequency) EPR (.2.5 T, .70 GHz) spec
roscopy (1–3). The scope of high-field EPR is broad and
ncompasses all the disciplines of EPR spectroscopy, na
ontinuous wave (CW) EPR, pulsed EPR, CW electron-nu
r-double resonance (ENDOR), and pulsed ENDOR spec
opies. Among the advantages offered by high field EPR
he following: (i) High sensitivity that permits measureme
f microsize samples such as single crystals of metallopro
4–6). (ii) Higher resolution that allows separation of pa
agnetic centers with only slightly differentg values (7). (iii)
mall g-anisotropies can be determined, and the wider sp
f the powder pattern allows orientation-selective ENDOR
lectron spin echo envelope modulation (ESEEM) mea
ents (8, 9). (iv) In high spin systems, high order effects t
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esult in increased inhomogeneous broadening are signific
educed. Examples are the presence of forbidden transitio
he spectrum of Mn(II), S5 5

2 (10) and high order shifts i
NDOR spectra (11–13). (v) ENDOR signals from differen
uclei are better resolved because of the significantly la
uclear Zeeman interaction (14) and nuclei with low gyromag
etic ratios can be observed even when the hyperfine int

ion is small (5, 12, 14). At W-band, protons appear at frequ
ies much higher than other nuclei, and the overlap bet
eakly coupled protons and strongly coupled14N, often en-
ountered in X-band ENDOR spectra, is eliminated (15). (vi)
n the pulsed version of the experiment, the spectrometer
ime is significantly reduced because the pulse ringdown
onstant is inversely proportional to the spectrometer
uency (at constantQ). This permits the use of highQ reso-
ators, and relatively highB1 fields can be obtained with lo
ower (17). (vii) It allows straightforward determination of th
igns of the hyperfine and the zero field splitting (ZFS) in
ctions at low temperatures owing to the large popula
ifferences of the various EPR energy levels (1, 12). This also

eads to a simplification of the EPR/ENDOR spectra s
ewer transitions are involved.

There are, however, a few disadvantages: increased inh
eneous broadening due tog-strain, which may lead to EP
pectra with unresolved hyperfine structure. For some app
ions the small sample size makes sample handling difficu
n cases where the samples should be prepared under va
r when in situ experiments are required. In addition,
eduction of the hyperfine enhancement factor for lowg nuclei
ith large hyperfine couplings, such as directly bound14N
uclei, requires high radiofrequency (RF) power.
Parallel to the development of high-field EPR, pulsed E

NDOR spectroscopy has witnessed considerable prog
ophisticated new pulse schemes have been introduced

here has been a large increase in the applications of va
xperiments to a wide range of problems in physics, chem
nd biology (16, 12). These experiments require the genera
f a number of microwave (MW) and RF pulses, with varia
mplitudes, phases, and frequencies. Moreover, these are

8,
H,

23;

ombined with elaborate phase cycling schemes. Multidimen-
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9W-BAND PULSED ENDOR SPECTROMETER
ional experiments, during which several parameters are
ed, such as time intervals, frequency and phase of the MW
F pulses, and strength of the external magnetic field,B0, have
een designed (12). Although the majority of the sophisticat
ulse experiments have been demonstrated at X-band fre
ies, they are applicable at high fields as well, and there
igh-frequency pulsed spectrometers should exhibit versa
imilar to that of modern pulsed X-band spectrometers.
The design and performance of two 95 GHz pulsed E

NDOR spectrometers have been reported so far (18, 19), and
number of recent high-field pulsed ENDOR applicatio

rimarily involving organic radicals and metal ion centers
ingle crystals, have demonstrated the great potential o
ethod. In this work we describe the pulsed W-band E
NDOR spectrometer setup at the Weizmann Institute
mphasis on the ENDOR part. Its performance is demonst
n Cu(II) centers in a single crystal, a zeolite polycrystal
ample, and a protein frozen solution. Its unique feature i
asy and fast sample exchange at 4.2 K for frozen solutio

FIG. 1. Block diagram showing the W-band spectrometer microwav
eceiver, and the transmitter, respectively. The thin arrows represent p
ar-
nd

en-
re
ty

/

,

he
/

h
ed
e
e

nd

ingle crystal samples. In addition, the MW bridge po
utput is relatively high, allowing the application of relativ
hort MW pulses, thus increasing the excitation bandwid

EXPERIMENTAL SETUP

The pulsed spectrometer, which can generate hundre
W and RF pulses, consists of several parts: a supercon

ng magnet system, probehead, microwave bridge, pulse
rammer, RF system, detection electronics, and a comp
he last four parts are shared with our X-band pulsed E
NDOR spectrometer described earlier (20). The pulse pro
rammer is constructed from a word generator (Interface T
ologies RS690, 250 MHz) with 32 channels when operatin
ns resolution, or 128 channels for 16 ns resolution, cou

o five digital delay generators (Stanford Research Sys
G535). The latter can produce a total of 10 pulses with a

esolution better than 1 ns. The RF system is based
TS310 synthesizer (0.1–310 MHz) and an IFI 436P RF

idge. The three boxes A, B, and C correspond to the master frequency
programmer control.
e br
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10 GROMOV ET AL.
lifier (0.01–220 MHz, 3 kW pulse power). The RF circui
erminated with a 50 ohm load, and a capacitor of 3000 p
onnected immediately after the RF amplifier and acts as a
ass filter. The signal detection electronics includes a v
mplifier and a boxcar integrator. The computer used
entium PC and the devices are interfaced to the comput
PIB, PC-DIO-96, and DAS1200 cards. The software driv

he spectrometer is the same as that used for the X-
pectrometer (20). In the following, the parts that are unique
he W-band spectrometer will be described in detail.

agnet

The static magnetic field,B0, is produced by a solenoid sup
onducting magnet (Cryomagnetics, Inc). The field can be s
rom 0 to 6 T using main current leads that are removable. I
e locked in persistent mode and the leads can be remov
educe the He consumption. In addition, it includes perma
uperconducting sweep coils that allow for sweeps of60.4 and
0.2 T for center fields of 0–4 and 4–6 T, respectively
aximum sweep range requires current of 14.35 A. The h
eneity ofB0 without current in the sweep coils is quoted as60.3
pm over 13 1 3 4 mm3, which is somewhat larger than the s
f a typical sample. When used in the manual mode the p
upply resolution is 0.01 A, which amounts to 0.28 mT for
weep coils. This also determines the stability of the mag
eld when the sweep coils are used, as it was further verifie
easurements of the linewidth of a difluoranthenyl phos

FIG. 2. A schematic arrangement of the MW cavity, the RF coil (A),
he coupling waveguide (C).
is
gh
o
a

via
g
nd

pt
n
to

nt

o-

er

tic
by
-

hexafluoride ((FA)2
1PF6

2) single crystal. A width of 8 MHz wa
btained from Fourier transformation of the FID following ap/2
icrowave pulse. The reported linewidth of such a single cr

s 0.001 mT (21). In principle, the power supply resolution a
tability can be improved to 1.5 mA (0.04 mT for the sweep c
y using the 16 bit computer interface module (model C
6HR).
The magnet has a warm bore of 90 mm diameter fitted w

anis model STVP-200 “Supertran” variable temperature i
VTI) (1.4–300 K) with a sample tube inner diameter of 49 m

fast direct reading of the magnetic field is afforded b
alibrated meter based on a Hall probe located at a positionZ 5
, R 5 18.7 cm) where the sensed field is proportional to
agnetic field at the sample position (Z 5 0, R5 0). An accurate
etermination ofB0 in the range of 2.9 to 3.3 T is obtained via
roton Larmor frequency determined from the ENDOR spect
frozen solution of a Cu(II)–histidine complex recorded a

he EPR powder pattern.
The liquid He consumption is 40–50 ml/h when the m

urrent leads are out and there is no current in the sweep
his changes to an average of 60–70 ml/h when there
urrent in the sweep coils. With full current in the main coil
e consumption quoted is 450 ml/h.

icrowave Bridge

A block diagram of the microwave bridge, designed
uilt at Donetsk Physico-Technical Institute, is shown in

plungers used for the cavity tuning, sample position, and sample rotatio
the
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11W-BAND PULSED ENDOR SPECTROMETER
. It operates at 94.9 GHz and has two channels, one w
aximum power of 120 mW and the other with 29 mW. T

econd channel can operate in continuous-wave mode as
ince the two channels are locked to one master oscil
hen their outputs are combined they interfere to give a
ower of 267 mW.3

3 This value was obtained by summing the amplitudes of each cha
=120 1 =29)2.

FIG. 3. The internal part of the probehead. (A) Front view of the botto
uning, (b) movable rod with a cone at the end (c) that pushes lever (d), (e
older, (h) sample clamp, (i) RF cables.
a

ell.
r,

al

The base frequency of the bridge is 7.16 GHz, supplie
n internal or external source. This is further mixed with a
Hz signal from a reference crystal oscillator to yield

requency of 7.3 GHz. This CW signal is split into two ch
els and upconverted by a factor of 13 using an IMPATT

requency multiplier in each channel. Some power gai
chieved by a one-stage CW IMPATT amplifier and then
ignal is fed into a high speed PIN switch and a 1 bit phas

el,

part, (B) back view of the bottom part, (C) top part. (a) Micrometer knob f
icrometer knob for sample rotation, (f) rod for sample rotation mechanism(g) sample
m
) m
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12 GROMOV ET AL.
hifter. Additional power gain is then obtained by a three-s
W IMPATT amplifier. The last component in each chann
dc current controlled PIN attenuator, after which the sig

re combined and fed via another high speed PIN switch
witching time) into the circulator and the cavity. In the
eiver the signal is first mixed with a 93.08 GHz signal (
ained by multiplication of the 7.16 GHz source signal b
actor of 13) yielding an intermediate frequency (IF) of 1
Hz. This signal is split and one part undergoes a 90° p
hift for quadrature detection. The two signals are fin

FIG. 4. External part of the probehead. (A) bottom part, (B) top part.
rovisions for electrical connections for temperature sensors and (d) a t
djustment, (f) a straight transition from 2.43 1.2 mm2 waveguide to 3.63
e
s
ls
ns
-
-

se
y

ixed with a reference 1.82 GHz signal (obtained from the
Hz signal after a 13-fold multiplication) to yield the fin

ntermediate (IF) signal outputs. These are amplified, fed
variable attenuator that is needed when signals are to

ense, and finally directed into a boxcar integrator.
The master oscillator in the internal mode is a trans

scillator stabilized by locking to the resonance frequency
igh Q dielectric resonator. The temperature dependent i
ility of the master oscillator is 7–8 kHz/degree, and for 1–

his amounts to 100–150 kHz instability at 94.9 GHz.

Waveguide connection to the MW bridge connection, (b) coupling wave
erature sensor, (e) rod for rotation of the internal part of the probehead for coupling
mm2 waveguide.
(a)
emp
1.8



in
1 th
b dB
T an
4 h i
t ss
1 is
3

T

rica
T t
o nne
d sli
o . Th
c is
f in

T by
r g is
a nger
t ilar
p the
c ut the
a gle-
c f the
c top
o tance
b ively
l imate
p t of
t

ge
o d
i

t room
t The
m NDOR
s

13W-BAND PULSED ENDOR SPECTROMETER
The total noise figure of the receiver at the output po
0–11 dB, is determined primarily by the noise figures of
alanced mixer (1–2 dB) and the low noise amplifier (7–9
he bandwidth and gain of the latter are 0.1–1.0 GHz
0–44 dB, respectively. The high-speed PIN diode switc

he receiver has a bandwidth of 2–4 GHz, an insertion lo
.5–2 dB, and an isolation of 30–40 dB; its rise time
–4 ns.

he Probehead

The cavity used for ENDOR measurements is a cylind
E011 cavity similar to that described earlier (8, 18). It is made ou
f a brass tube plated with silver and a flash of gold. Its i
iameter is 4.2 mm, its total length is 14.4 mm, and it has 12
f 0.2 mm, 0.2 mm apart, to allow RF penetration (see Fig. 2)
oupling hole is of 0.9 mm diameter and the RF coil, which
our-turn saddle coil made out of a copper wire, is housed

FIG. 5. Rabi oscillations of the ENDOR lines of ag-irradiated single c
emperature. (A)7Li ENDOR spectrum and nutation pattern for the 56 M
icrowave pulse length was 60 ns,t 5 200 ns, andB0 5 3.381 T. Thepositio

pectra. The RF pulse length in these measurements was 70ms.
t,
e
).
d
n
of

l

r
ts
e

a
a

eflon holder around the cavity. The coupling is optimized
otating the cavity with respect to the waveguide. Tunin
chieved by variation of the length of the cavity using a plu

hat is made out of a silver/gold plated brass frame. A sim
lunger, filled with Rexolite, is located at the other end of
avity and functions as a sample holder. It can be rotated abo
xis of the cavity, perpendicular to the magnetic field, for sin
rystal measurements. With the plungers in, the length o
avity is 3.8 mm. Although the MW bridge is situated at the
f the magnet, very close to the magnet bore opening, the dis
etween the bridge output and the cavity, 115 cm, is relat

arge because of the magnet height. This leads to an approx
ower loss of 3 dB. The loss is minimized by using for mos

his distance an oversized waveguide.
With full output power of the bridge (267 mW at the brid

utput and 120 mW at the cavity) the shortestp/2 pulse obtaine
s 40 ns. This corresponds to aB of 0.22 mT. UsingB 5

tal of LiF, obtained using the Mims ENDOR sequence and recorded a
line; (B)19F ENDOR spectrum and nutation pattern for the 136 MHz line.
where nutation patterns were obtained are indicated by arrows on the E
rys
Hz
ns
1 1
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14 GROMOV ET AL.
(QLPMW)1/2, QL ' 1000,PMW ' 120 mW, we obtain a conversio
actorc of 0.02 mT/W1/2, which is close to the conversion valu
eported by Prisneret al. for their ENDOR probe at 95 GHz (19).

ith full power the spectrometer deadtime is 25 ns.
The probehead consists of two parts, internal and externa

nternal part, shown in Fig. 3, houses the cavity ensemble (Fi
he RF coil and cables, and the tuning and sample rotation m
nisms, which were adapted from the design of Lebedev (2). The
hole internal part is easily removed for sample exchange.

ng is afforded by rotating a micrometer situated at the top o
robehead (Fig. 3, a), which pushes in and out a conical rod
his movement regulates a spring (d) that pushes the t
lunger in and out (Fig. 2). This procedure can be carried o
ny measurement temperature. For single-crystal measure

he sample rotation is done through a goniometer (e), w
otates a rod (f), the motion of which is translated to the sa
older (g). The last is not shown in Fig. 3 for the sake
implicity. The sample holder is held using a cover (h).

FIG. 6. ENDOR spectra of a single crystal of Cu(II)-dopedL-histidine h
5 ms; T 5 4.2 K. (B, C) 14N and 35,37Cl Davies ENDOR spectra;tMW 5 200
and the repetition rate was 50 Hz. Asterisks mark the lines of a remo

ine).
s

he
),
h-

n-
e
c).
ng
at
nts
h
le
f

The external part of the probe, Fig. 4, into which the inte
art is inserted, is situated “permanently” in the sample tub

he Janis VTI. It includes the waveguide connection to
icrowave bridge (Fig. 4, a), the waveguide that couples t

avity (b), provisions for temperature sensors (c, d), a
andle for rotating the internal part with respect to the fi
xternal part for optimizing the coupling (e). A spring situa
t the connection of the bottom part of the internal part and
ain supporting rod ensures a good contact between the
nd the coupling waveguide. This probehead design a

acile and fast sample exchange also at 4.2 K.

PERFORMANCE AND EXAMPLES

ensitivity

A convenient description of the sensitivity of a pulsed E
pectrometer has been given by Prisner (22). It usesS/N of a

ochloride. (A)1H Mims ENDOR spectrum;tMW 5 100 ns;t 5 300 ns;tRF 5
00, 200 ns;t 5 500 ns;tRF 5 100 ms; T 5 3.2 K. In all spectraB0 5 3.15
itrogen centered around the Larmor frequency of14N (marked with a vertical soli
ydr
, 1

te n
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15W-BAND PULSED ENDOR SPECTROMETER
ingle shot, room temperature two-pulse echo signal
ample with a known number of spins and with a br
nhomogeneous linewidth (broader than the pulse bandw
ccordingly, the sensitivityE9 is defined as

E9 5
N

DB1/ 2S/N
e~22t /Tm!, [1]

hereN is the number of spins in the sample,DB1/ 2 is the
nhomogeneous linewidth,t is the time interval between th
wo pulses, andTm is the phase memory time.S/N is the
ignal-to-noise ratio as measured at the maximum echo a
ude. The factore(22t /Tm) takes the relaxation occurring duri
t into consideration. In Eq. [1] theS/N is defined unde
onditions of a detection bandwidth,Dndet, matched to the ech
hape given by the excitation bandwidth (Dnex 5 1/t p). Al-
hough this condition can be easily satisfied,Dndet is often
xed, as in our spectrometer. In this case theS/N at matched
ondition can be calculated using

S/N 5
2Î2S

Npp
SDndet

Dnex
D 1/ 2

. [2]

n Eq. [2], S is the signal amplitude andNpp is the noise pea
o peak amplitude measured with a bandwidthDndet. The
ample we used was 0.2 mg coal with 2.43 1016 spins andTm

0.48ms. The number of spins was calibrated against a s
rystal of CuSO, which exhibits a singlet with unresolv

FIG. 7. Davies ENDOR spectra of a powder of Cu(II)–histidine comp
ncapsulated in zeolite Y. (a) X-band spectrum;tMW 5 200, 100, 200 ns;t 5
00 ns;tRF 5 6 ms; repetition rate 500 Hz;B0 5 0.33 T; T 5 4.2 K. (b)
-band spectrum;tMW 5 180, 90, 180 ns;t 5 400 ns;tRF 5 20 ms; repetition

ate 100 Hz;B0 5 3.29 T; T 5 5 K. (c) Same as (b), withB0 5 3.0 T.
4 (
a
d
).

li-

le

yperfine structure due to spin exchange. The coal sa
ccupied;1 mm at the end of a 0.7 mm o.d., 0.5 mm
uartz capillary that was placed in the center of the cavity

hat all spins were in the active volume of the cavity. Fro
ingle shot of a two-pulse sequence with pulses of 60 and
s (using only channel I) andDndet 5 200 MHz, we obtaine
/Npp 5 29. This yieldsE9 5 1 z 1012 spins/G for the ENDOR
robehead at room temperature. We carried out similar s

ivity measurements on our X-band pulsed spectrometer
Britt–Klein (23, 24) type cavity and 5.38 mg of the same c
nd obtainedE9 5 4 3 1014 spins/G. The higher sensitivity
-band, in terms of minimum detected spins, is, however,

elevant to samples with restricted sizes, such as single
als. When the size is not limited, X-band may be somew
ore sensitive (19).

F Performance

The B2 field was determined from the Rabi oscillatio
easured using the Mims ENDOR sequence,p/ 2–t–p/ 2–T–
/ 2–t–echo, where an RF pulse is introduced during thT

nterval. In these measurements the RF frequency was
ne of the ENDOR transitions and the echo intensity
easured as a function of the RF pulse length. The samp

hoice was ag-irradiated LiF single crystal, and the7Li and 19F
egions of the Mims ENDOR spectra are shown in Fig. 5.
xperiment was carried out at room temperature on a7Li (Fig.
A) and a19F (Fig. 5B) lines.B2 fields of 1.2 mT (tp 5 23 ms)
nd 1.3 mT (tp 5 10 ms) were obtained, respectively. The
ulse power applied in these measurements was 1.2 kW f

19F measurement and 2 kW for the7Li measurement, indicatin
better conversion factor for the higher frequency range

xamples

A severe problem of X-band ENDOR is the overlap
eakly coupled protons with doublets centered around
armor frequency (14–15 MHz) and strongly coupled14N
uclei with hyperfine couplings of 20–40 MHz. For exam

n the X-band ENDOR spectrum of a Cu(II) dopedL-histidine
ydrochloride (Cu–His) single crystal, some of the1H peaks
ppear in the region of the14N signals (25), while in the
-band spectrum they are very well separated, as show

ig. 6. Figure 6A shows the1H region of a Mims ENDOR
pectrum of a single crystal of Cu–His recorded at 4.2 K.
F p pulse was relatively long, 35ms, to achieve high res

ution. The 14N and 35,37Cl region of a Davies ENDOR of th
rystal, recorded at 3.2 K, is shown in Fig. 6B. A rather l
F pulse was required because of the low value of14N and the
ignificant reduction of the hyperfine enhancement factor
Hz. The14N signal of the remote nitrogen in the imidaz

ing is identified by asterisks in the figure.
The next example is of a polycrystalline sample of a Cu

histidine)2 complex encapsulated in the cages of zeolit
26). Figure 7 shows a comparison of a Davies END
OR
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16 GROMOV ET AL.
pectrum, recorded at theg' position, at X-band and W-ban
t X-band the1H signals are obscured by broad14N signals in

he region of 15–20 MHz, whereas very nice proton pow
atterns are observed at the W-band spectrum. The lower

n Fig. 7 shows the W-band spectrum recorded at thg\

osition where a significant decrease in the outer most do
s evident. The Cu(II) content of this sample is 0.8 Cu(II)
nit cell (4.73 1025 mol/g) and the sample weight was;1 mg.
The final example is of a frozen solution of the M22
utant (1–2 mM) of the CuA soluble fragment of cytochrom
oxidase (27). This protein contains a mixed-valent binucl

opper site with S5 1
2. In the native protein each of the tw

opper atoms is coordinated to two bridging cysteine su
nd to one histidine residue (28). In addition, one copper
oordinated to a methionine sulfur and the other to the pe
arbonyl of a glutamic acid residue. In this particular mu
he methionine has been replaced with glutamine. The e
etected EPR spectrum is shown in Fig. 8A, and the fie
hich the ENDOR experiment was performed is marked
n arrow. The1H Davies ENDOR spectrum, Fig. 8C, indica

FIG. 8. (A) Echo-detected EPR spectrum of a frozen solution of the
s; t 5 340 ns; repetition rate 200 Hz;T 5 4.4 K. (B) 14N Davies ENDOR
z; B0 5 3.35 T;T 5 3.2 K. (C) 1H Davies ENDOR spectrum;tMW 5 180,
.2 K.
tes
r
ce

let
r
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he presence of two protons with couplings of 7.9 and
Hz corresponding to theb protons of the cysteine residu

n the 14N region, (Fig. 8B) signals corresponding to the h
eld components of two doublets, centered about the La
requency of14N, appear. From these lines hyperfine coupl
f 17.6 and 13.2 MHz, with quadrupolar splittings of 2 and
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SUMMARY

A 95 GHz pulsed ENDOR spectrometer, featuring a pro
ead for fast sample exchange at low temperatures, has
onstructed. Using a high power RF amplifier and a n
atched RF circuit it is possible to measure broadb
NDOR spectra with signals ranging from14N to 1H at tem-
eratures of 4.2 K and below. This was demonstrated on C
enters in a single crystal, polycrystalline oxide, and pro
rozen solution.

27Q mutant of the soluble CuA fragment of cytochromec oxidase;tMW 5 90, 180
ectrum;tMW 5 200, 100, 200 ns;t 5 400 ns;tRF 5 50 ms; repetition rate 10
, 180 ns;t 5 400 ns;tRF 5 10 ms; repetition rate 103 Hz;B0 5 3.35 T;T 5
M2
sp
90
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