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We have built an electron spin echo spectrometer operating at
04 GHz, extending the frequency limit of existing spectrometers
y more than a factor of 4. In order to handle this high frequency
e have used optical techniques, i.e., molecular gas lasers for the

xcitation pulses and far infrared techniques for the heterodyne
etection system. The different components of the spectrometer
re described in detail and first experimental results are given.
1999 Academic Press

1. INTRODUCTION

With the introduction of coherent pulsed techniques in
lear magnetic resonance (NMR) and soon afterward in
ron paramagnetic resonance (EPR), a new field opened f
nvestigation of the dynamics of spin systems. The forma
f an echo after two excitation pulses, discovered and
lained by E. L. Hahn, not only is fascinating but also allo

he “memory” of a spin system to be studied by observing
cho intensity as a function of the time interval between
ulses. In their first experiments Hahn and his co-workers
equences of two and three pulses to measure the spin-m
nd spin–lattice relaxation times of nuclear spins (1, 2). The
rst electron spin echoes were observed with a modified N
pectrometer working at 17.4 MHz and a static magnetic
f 6.2 G (3). Mims et al. (4) and Gordonet al. (5) used
lystrons to create the excitation pulses working at 6.7 G
aplanet al. (6) constructed an X band (9 GHz) spectrom
ased on pulsed magnetrons. With the strongly growing i
st in pulsed ESR and the developments in microwave
ology, the instrumentation improved enormously. The us

ow power continuous wave (cw) sources in conjunction w
microwave switch and a traveling wavetube amplifier m

t possible to produce sophisticated multipulse sequences
ay, electron spin echo (ESE) spectroscopy is a very m

ool, comprising many different techniques such as elec
pin echo envelope modulation, pulsed electron nuclear d
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esonance (7), and multidimensional techniques (8). Applica-
ions of the ESE technique have been reviewed in a numb
rticles (9–11).
Another development in recent years, in the fields of b
MR and EPR, has been to increase the operation frequen

he spectrometers in order to increase resolution and sen
ty. The resonance frequency of proton NMR is 850 MHz a
, and intense pulses can be produced without many diffi

ies. In fact the upper frequency limit for high-resolution NM
s given by the availability of intense and homogeneous m
etic fields. The situation is somewhat different for EPR. S

he magnetic moment of the electron is three orders of m
itude larger than the magnetic moment of the proton, a
etic field of 20 T corresponds to a resonance frequency o
Hz (for ag factor of 2). The upper frequency limit for ES
pectrometers is currently 140 GHz (5 T) (12, 13). The main
onstraint that limits a further increase of the frequency is
ack of suitably powerful microwave sources and equipm
igh-field EPR was pioneered a long time ago by Lebe

14). For cw EPR a 250-GHz spectrometer has been
tructed (15) using a Gunn diode and a series of lenses
eam transport. A multifrequency spectrometer (0.25–1 T
as been constructed by Brunelet al. (16) using a cw fa

nfrared (FIR) laser as frequency source and using op
echniques. We have chosen a similar approach for d
ulsed EPR at high frequencies using pulsed FIR lasers.
There are several reasons to increase the frequency

pectrometers. One of the most important is the increa
bsolute sensitivity, which becomes obvious when we loo

he radiated echo power being proportional tov 4N2, consid-
ring the rotating magnetization to radiate like a Hertz dip
his would mean that, for an increase in frequency (v) by a

actor of 10, a hundred times fewer spinsN can be detecte
ssuming that all the other components in the setup hav
ame performance. This, however, is far from the case fo
xperimental spectrometer. To mention only one problem

ransport of the radiation has high losses at high frequenc
s clear from our studies that it will be very hard to increase
ensitivity of the existing spectrometers using far infra
echniques. However, there are a number of equally intere
l,
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47ELECTRON FAR INFRARED SPECTROMETER
oints or advantages appearing at high frequencies/high
etic fields: (1) The Zeeman splitting at 604 GHz correspo

o 29 K, so that at liquid helium temperatures, the spin po
zation of the levels is almost complete (99.8% at 4.2 K), w
t room temperature, we still have a 5% polarization. This
olarization presents an interesting physical situation, w
ay lead to very long spin-memory times (17). (2) The high

requencies create the possibility of studying the energy
agnetic field) dependence of the spin–lattice (T1) and spin–

pin (T2) relaxation times over a much wider range. N
nsight into the relaxation processes can be expected by
orming studies ofT1 andT2 as functions of the magnetic fie
18). (3) The 60-fold increase in frequency with respect t
and facilitates measurement of smallg anisotropies and sim
lifies interpretation of the spectra. For powders with ba
esolvedg anisotropy at low field, the high-frequency spectr
ay reflect the orientation dependence ofg and creates th
ossibility of selecting an orientation by selecting a field
ition within the EPR spectrum. (4) High-spin systems (S$ 1)
ith much larger zero field splittings can be studied, since
hoton energy of the high field spectrometers is much hi
19, 20).

2. CONCEPTS AND SETUP OF THE SPECTROMETER

In an electron spin echo experiment one needs on the
and relatively intense pulses and on the other the possibil
etecting the low-intensity response (the echo). Convent
pectrometers work at X band frequencies (9.5 GHz)
agnetic fields around 0.3 T (21, 22). The problem of con

tructing a high-frequency ESE spectrometer is that microw
lements used at low frequencies cannot be used at frequ
igher than 500 GHz or are simply not available.
In Table 1 we present a comparison between the spec

ter elements that are used at 9.5, 95, and 140 GHz an
lements we used at 604 GHz.
For an electron-spin-echo experiment, short pulses with

ower are required in order to excite the spin system.
Hz, power levels on the order of kW are achievable and a

TAB
Comparison of the Elements of Various Pulsed E

140 (MIT Boston), an

9.5 GHz
0.34 T

95 GHz
3.4 GHz

ource Gunn diode TWT amplifier IMPATT diode IM
ower ;kW 210 mW
ulse width 8 ns 30 ns
witch PIN diode PIN diode
adiation transport Fundamental waveguides Fundamental a

waveguides
avity Cylindrical Cylindrical
etector Mixer phase-sensitive Mixer phase-sen
taticB field Resistive Helmholz coils Superconducting
g-
s

r-
e
h
h

r

er-
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h
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se of very short pulses of around 8 ns. The Leiden spec
ter (12) has a power level of only 210 mW, but, together w
highQ cylindrical cavity, it can use pulses with a length

round 30 ns. Powerful sources around 600 GHz are gyro
ree electron lasers, or pulsed far infrared lasers. The
lectron laser is a rather large installation, and a 600-
yrotron is not standard equipment which can be bou
herefore, these sources have not been considered fo
ork. The only practical sources in this frequency range a

he moment, pulsed FIR lasers. Another advantage of p
IR lasers is that they have an intrinsic pulse width of a
00 ns, and no switch is needed for the generation o
igh-frequency pulses.
A frequency of 600 GHz corresponds to a wavelength o
m, and, as a result, the transport of the radiation in fu
ental-mode waveguides, as used in low-frequency E
ould cause unacceptable losses. A purely optical sol
ith lenses and mirrors (23) would require many optical el
ents and its alignment would be very critical. We have o

or a solution halfway between microwave and optical te
iques, namely oversized waveguides with a diameter 20

he wavelength.
At low frequencies, fundamental-mode cavities such as

ngular or cylindrical cavities are used with cavity dimens
r the order of the wavelength. Since the design of a fu
ental-mode cavity at 0.5 mm seems to be very difficult

elected a quasi-optical Fabry–Perot-type cavity with a
nesse of about 40.
The requirements for the detector are good time resol

on the order of nanoseconds) and high sensitivity. Here
an profit from the enormous progress which has been ma
he field of radio astronomy, where very sensitive heterod
etectors have been developed for spectroscopic applic
24). These detectors, using a Schottky diode as mixer,
oth a high sensitivity and a very good time resolution.
The last point in Table 1 is the static magnetic field

requency of 604 GHz corresponds to a magnetic fiel
esonance of 21.5 T, which can at present be generated

1
Spectrometers: 9.5, 95 (Leiden Spectrometer),

604 GHz (Grenoble)

140 GHz
5.0 T

604 GHz
21.5 T

O Gyrotron FIR laser
;200 W ;100 W

100 ns
PIN diode Plasma switch (not used)

oversizedFundamental and oversized
waveguides

Fundamental and oversized
waveguides

Fabry–Perot Fabry–Perot-type
ve Mixer phase-sensitive Schottky diode not phase-s
l Superconducting coil Resistive coil
LE
PR
d

PL

nd

siti
coi
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48 MOLL ET AL.
y resistive magnets (see Fig. 1). The magnet used fo
xperiments is a polyhelix magnet (25) with a power supply o
0 MW.
Figure 2 schematically shows the experimental setup o

04-GHz spin echo machine. The main elements will be
cribed in more detail in the following sections, but here
ill give a brief overview.
A master pulse generator triggers the two FIR laser sys

nd the electronic switch in the detection system. In this
wo independent FIR excitation pulses with every poss
elay can be generated. The laser pulses are spatially ov
nd are directed into the cavity, which is positioned i
ariable-temperature flow cryostat (4.5–300 K). In orde
eep the losses minimal the FIR lasers have been placed
o the magnet, the bore of which is positioned horizontally.
he optical elements have been situated in this horizontal
o make the alignment as simple as possible. The refle
avity can be adjusted from the back side of the magnet d
he experiment. The returning echo is reflected by a b
plitter in the direction of the Schottky diode, which is opera
s a heterodyne detector. The 7-GHz difference frequen

he signal and a local oscillator (a cw FIR laser at 611 GH
lectronically amplified, rectified, and recorded with a

ransient digitizer.

3. COMPONENTS

. Generation of FIR Pulses

One of the main technical obstacles in the construction
igh-frequency electron spin echo spectrometer is the ge

FIG. 1. Zeeman splitting for spin12 and g factor 2 as a function of th
agnetic field (top axis). On the bottom axis the corresponding frequen
n ESE spectrometer is shown. Spectrometers up to 140 GHz have
ealized using microwave techniques. Several strong laser lines, suita
SE spectrometers, are indicated as dotted lines. We show the magne

imits for the Grenoble polyhelix and hybrid magnet.
ur
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ion of shortp andp/2 pulses. The required magnetic field
he FIR radiation for ap pulse is given by the relation

p 5 gDtB1, [1]

being the gyromagnetic ratio,Dt the pulse width, andB1 the
mplitude of the magnetic field of the FIR radiation. T
elation between the magnetic field and the power de
P/A) of a free propagating wave is given by the Poyn
elation

P

A
5

c~2B1!
2

2m0
, [2]

being the sample area andm0 the permeability of free spac
or an assumedDt of 100 ns a magnetic fieldB1 of 1.8 G at

he sample position (10 mm2) is needed, corresponding to
equired power of 75 W. The factor of 2 for the magnetic fi
mplitude (2B1) in Eq. [2] enters because the applied FIR li

s linearly polarized, while only one circularly polarized co
onent (B1) is effective on the spins. One can see that pu
horter than 100 ns need very high power levels (see Tab
asers providing these high power levels can be Raman

asers pumped by multiatmospheric-pressure transversal
ited CO2 lasers. Power levels of MW/cm2 are reported fo
ulse durations on the order of nanoseconds (26).
For very long pulses with, for example, 1ms pulse width

ven cw FIR lasers can be considered to be high-frequ
ources. Typical power levels of continuous wave FIR sys

or
een
for
eld

FIG. 2. The schematic setup of the 604-GHz spectrometer. Three
lements can be distinguished: (1) The pulsed FIR lasers with the light
nd the cavity, (2) the heterodyne detector, and (3) the static magnetic fieB0.
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49ELECTRON FAR INFRARED SPECTROMETER
re on the order of 1–100 mW and could be obtained
onvenient high-frequency sources together with a high-qu
avity. In such a system the cw–CO2 laser could be switche
ith the help of a Pockels cell switch consisting of a polari
CdTe crystal, which rotates the polarization proportiona

he applied electric field (Pockels effect), and an analyzer.
witching times of Pockel cells are very fast (in the nanose
ange); however, the buildup of the radiation in the FIR ca
s not instantaneous. Pulses with a width of about 1ms can be
enerated with this technique (27).
The typical line shape of the TEA–CO2 laser pulse is cha

cterized by an intense peak ('200 ns) followed by a long ta
'1 mm) due to the energy storage of the admixed N2 molecule
o the laser gas. In Fig. 3 we show that the response from
IR laser is quasi-instantaneous and for low pressures o
IR gas the shape of the FIR pulse is comparable to the s
f the pump pulse. Since for the ESE experiment a single
ulse is required, lasing of the tail has to be suppressed.
an be achieved by increasing the FIR gas pressure slight
hus increasing the FIR lasing threshold.

The output power of the laser lines of our FIR laser syst
isted in Table 3 is depicted in Fig. 4. Since the maximum fi
f the magnet chosen for the experiments is around 25 T

requency of the excitation pulses should not be higher

TABLE 2
Comparison between the Pulse Width and the Required

IR Power (Assumed Sample Area 10 mm2; Without Use of a
avity)

Dt

1 ms 100 ns 10 ns 1 ns

750 mW 75 W 7.5 kW 0.75 MW
ource cw FIR TEA–laser

pumped FIR laser
Raman FIR laser

FIG. 3. Pulse shapes for pump laser (TEA–CO2 laser, 9P20) (solid line
nd far infrared laser with methyl fluoride at low pressures (dotted line
igh pressures (dashed line).
ty

r,
o
e
d

y
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00 GHz if we assume a spin system withg 5 2. In this case
nly two laser lines, the one at 246 GHz (8.786 T) and the
t 604 GHz (21.571 T), are in our magnetic field range. Fi
shows clearly that the power levels we obtained from t

ines are still below the required powers. However, the co
ion of the p/2 andp pulses can still be met by means o
avity. In this way the effective power at the sample positio
mplified by several orders of magnitude (see Section C

. Two- and Three-Pulse Configurations

Three different configurations have been used to produc
wo/three pulse sequences (see Fig. 5). Two FIR pulses c
enerated with the help of an optical delay line, where the2
ulse is split into two parts. One part is directly fed into the
avity; the other part is optically delayed and then focused
he FIR cavity. Using a path difference of 90 m, a time de
f 300 ns has been achieved between the two pulses

d

TABLE 3
Pulsed FIR Laser Lines with a Close by Local Oscillator Line

Frequency
(GHz) FIR gas

Pump
line Local oscillator

Dn
(GHz)

246.31 MF13 9P (32) MI 239.3 GHz 10P (32) 7.
604.30 MF 9P (20) DMI 611.3 GHz 9R (22) 7.0
989.4 MF 9R (18) FAC 985.9 GHz 10R (24) 3.5

1145.1 MF 9R (24) CDF 1153 GHz 10R (20) 7.
1244.0 MF 9R (28) CDF 1236 GHz 10R (14) 8.
1295.8 MF 9R (30) CDF 1298 GHz 10R (38) 2.
1550.9 MF 9R (40) MF 1555 GHz 10R (32) 4.1

Note.Dn is the intermediate frequency between excitation pulse and
scillator. The following gases are used: MF, methyl fluoride; MF13, me
uoride with 13C isotope; MI, methyliodide; DMI, fully deuterated meth

odide; FAC, dideuteroformic acid; and CDF, cis-1,2-difluoroethylene.

FIG. 4. Typical power levels of our pulsed FIR laser system for diffe
ump lines of the CO2 laser (see Table 3). The dotted line is the power requ

or p/2 pulses assuming a pulse length of 100 ns. In this estimate no ca
aken into account. When a cavity is used the effective power at the s
osition can be increased and lower FIR power levels are required.
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50 MOLL ET AL.
elayed CO2 laser beam has been focused several times o
ath with long focal length concave mirrors and has only b
ttenuated about 50%. The advantage of this setup is tha
ulses are generated in one cavity, and no problems su
ifferent frequencies of the two excitation pulses or time jit
ccur. This configuration has been shown to be the sim
xcitation sequence. However, it has the disadvantage th
elay between the two pulses cannot be varied durin
xperiment.
For a two-pulse sequence, where the delay between th

ulses can be varied, two independent CO2 lasers and tw
ndependent FIR lasers are required. Special care has
aken that both FIR lasers emit the same frequency, whic
een achieved by tuning the FIR laser cavity length. Sinc
ad no equipment to determine a frequency shift between

asers, we optimized the FIR cavities on the echo signal.
In this configuration the TEA–CO2 lasers are triggered ele

ronically and each shows a time jitter on the order of 20–5
etween the trigger pulse and the optical output. This add

o a total jitter of 70 ns between the two FIR pulses.
The three-pulse sequence consists of a combination of

f the above-described configurations and is very appe
ecause the whole setup can be optimized on the ech
uence of the FIR laser with the optical delay line. After
tep all the parameters are kept fixed, and only the second
as to be optimized on the echo signal.

FIG. 5. (a) Two-pulse sequence using an optical delay line. (b) Two-p
equence using two independent FIR laser systems. (c) Three-pulse se
ombining (a) and (b).
its
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All three configurations have been tried out and used in
ork and have proven to be suitable excitation sequence

he spin-echo experiment.

. Radiation Transport and Cavity

For most of the standard FIR experiments the only inte
ng parameter for the radiation transport is the transm
ower, and hollow metallic light pipes (polished brass tu
ave proven very suitable. A beam which initially has a w
efined polarization and spatial Gaussian properties loses
fter being transported in these light pipes over a relat
hort distance ('10 cm–1 m) (28).
In our experiment we are interested in coupling a TE00

ode into the Fabry–Perot cavity in order to have well-defi
avity behavior (deep and sharp dips in the reflected pow
function of the mirror distance; see next section). The TE00

an be launched when the incoming beam has well-de
olarization and spatial Gaussian properties. The task i
eam transport is, therefore, to conserve these two prope
We recall the transmission characteristics of overs
aveguides. The field distribution in a metallic waveguid
iven by the TEmn and the TMmn modes, which are the sol

ions of the Maxwell equations for special boundary co
ions. The attenuationa(l0) for the TEmn mode in a circula
aveguide with diameter 2a is given by (24, 29, 30)

a~l0! 5
0.023Rs

Î1 2 Sl0

lc
D2 F m2

x mn
92 2 m2 1 Sl0

lc
D2G FdB

mG
[3]

herex9mn is thenth nonvanishing root of the derivative of t
th-order Bessel function. For copperRs is 0.00825=f V

frequencyf in GHz). The free-space wavelength (l0) of our
ulsed laser is 0.496 mm. The cutoff wavelength (lc) for the
Emn mode is given as

lc 5 2pa/x9mn. [4]

f we use the TE11 mode in a 0.4-mm-diameter waveguide
hat only this mode is allowed (fundamental waveguide)
btain an attenuation of 42 dB/m, a value for which
aveguide should be called an absorber rather tha
aveguide. When we choose a waveguide diameter of 1.0
e obtain an attenuation of 9.0 dB/m and if we take a diam
f 10 mm we obtain an attenuation of 0.76 dB/m—a reason
alue.
The TE11 mode is a mode with a defined polarizati
owever, in the circular metallic waveguide, the lowest
odes are modes (TE0n) with a radial electric field distributio
here a polarization cannot be defined. If no care is t
hen using the circular oversized waveguides, a numb

e
nce
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51ELECTRON FAR INFRARED SPECTROMETER
odes are launched. Due to their low loss the TE0n modes ar
ominant after a short distance, and the FIR radiation ha

ts polarization.
For this reason it is interesting to work with dielectric qua

ubes where the lowest loss mode is the hybrid EH11 mode, a
ode with well-defined polarization. The attenuation for
H11 mode in oversized waveguides is given by

a~EH11! 5 1.826
l 0

2

a3 FdB

mG . [5]

or a 10-mm-diameter waveguide we obtain a value ofa 5
.65 dB/m, corresponding to an attenuation of 57% per m
In the experimental praxis a number of modes are sim

eously launched and a prediction of the transmitted p
epends strongly on which waveguide modes are exc
urthermore, a discontinuity in the waveguide (e.g., wind
nd corner pieces) may lead to conversion of one mode
nother waveguide mode. For the spin-echo experiment
een important to minimize the attenuation while conser

he polarization and Gaussian properties of the beam. T
ore, we tried to use the TE11 metallic and the EH11 dielectric
aveguide modes, which couple well to the free-space G

an beam (TEM00). We successfully tried the dielectric ov
ized waveguides and the circular metallic waveguides. H
ver, for both types of waveguides we saw that the ca
ehavior depends critically on the alignment of the waveg
xis on the optical axis of the experiment. For slightly m
ligned waveguides, bad or no cavity structure may be
erved.
The magnetic fieldB1 of the FIR pulses at the samp

osition can be enhanced by the use of a cavity. In these
he cavity is used as an amplifier of the FIR radiation. Ano
ethod for increasing theB1 field at the sample position wou
e to focus the radiation with the help of a lens. The use
avity, however, has additional advantages: When the se
sed as a cw spectrometer, the sensitivity is drasticall
reased by the cavity. Another advantage is that, when tun
esonance, the reflected power of the FIR pulses is minima
he lifetime of the Schottky diode is increased.

Due to the short wavelength we have not opted for a m
ave-type cavity (i.e., a cylindrical, rectangular cavity),
ave chosen a Fabry–Perot-type reflection cavity, consisti
ne semitransparent mirror and one reflecting concave m
In order to calculate the enhancement of the intensity in

avity, we write the circulating fieldB1
cavity in the cavity as

um of the individual components of the multiple reflec
eams in the cavity, illustrated in Fig. 6 (31, 32). When the
avity is tuned to resonance, the distance of the mirrorsd is a
ultiple of half of the wavelength, the phase factor (eid with d
4pd/l) of the individual components becomes unity,

e can write for the maximum of the magnetic field
st

e

r.
a-
er
d.
s
to
as
g
re-

s-

-
ty
e
-
b-

ms
r

a
is

n-
to

nd

-
t
of
r.
e

B1
cavity 5 t1B1

0~1 1 r 2 1 r 1r 2 1 r 1r 2
2 1 r 1

2r 2
2 1 · · · ! [6]

5 B1
0

t1~1 1 r 2!

1 2 r 1r 2
, [7]

heret 1
2 is the transmission coefficient of the first mirror a

1
2 is its reflection coefficient. Since the second mirror is

deal we assume a reflectivity ofr 2
2. For simplicity we include

ll the other losses (absorption mesh and mirror, diffrac
osses) in the cavity in this factorr 2

2. For the intensity w
btain

I cavity

I 0 5
t 1

2~1 1 r 2!
2

~1 2 r 1r 2!
2 . [8]

or the cavity used we havet 1
2 5 0.1, r 1

2 5 0.9, andr 2 5
.98, and weobtain an enhancement in intensity of abou
nd an enhancement of the magnetic fieldB1 by a factor of 4.5
To calculate the back-reflected intensity of the cavity

ave to consider the interference of all the parts of the b
hich leave the cavity in the incoming direction:

B ref 5 B0r 1e
2ivt 2 @B0t 1

2r 2e
2i ~vt1d! 1 B0t 1

2r 2
2r 1e

2i ~vt12d!

1 B0t 1
2r 2

3r 1
2e2i ~vt13d! 1 · · · ]. [9]

valuating Eq. [9] and formingBrefBref*, we come to the wel
nown Airy formulas for the reflected intensity

I r 5 I 0

~r 2 2 r 1!
2 1 4r 1r 2sin2~d/2!

~1 2 r 1r 2!
2 1 4r 1r 2sin2~d/2!

. [10]

In Fig. 7 the reflected power is shown as a function of
irror distance with the reflectivity of the first mirror
arameter. One can see that the back-reflected power is
al when r 1 is equal tor 2. This situation is called critica

oupling of the cavity and is important for the best sensiti
hen cw EPR is performed.

FIG. 6. Principle of the Fabry–Perot-type cavity.
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Another interesting number of a cavity is its finesse, wh
s defined as (31)

F 5
p Îr 1r 2

1 2 r 1r 2
<

dlax

dlcav
, [11]

heredl ax is the spacing between two resonances, anddlcav is
he FWHM of one resonance peak. We should remark tha

Fabry–Perot-type cavity, the figure of merit is its finesse
ot its Q value, becauseQ depends on the number of h
avelengths the cavity is tuned to. For the first resonanceQ 5
and for thenth resonanceQ 5 nF, soQ can obtain a ver

igh (for our purpose meaningless) number (33).
The ringing time of the cavity, the time in which a station

avity intensity I cavity decays to 1/e of its value after th
ncoming intensity is suddenly switched off, is given as

tc <
1

2pdn
5

Q

v
. [12]

n our caseQ (5nF) is about 200 (54 3 50 for the fourth
esonance), andv is 2p 604 GHz, resulting in a ringing tim
f abouttc ' 5.3 10211 s. Due to the high frequencies, cavit
ith much higherQ than used at microwave frequencies
e taken. In the above considerations of the plane pa
avity we did not consider the losses of the radiation w
scapes to the side (diffraction losses). Especially at
avelengths, when the beam has a large divergence, the
ity is strongly reduced after a few cavity round trips. We
inimize this effect by choosing a semiconfocal configurat
here one of the mirrors is curved. The cavity used is sh

n Fig. 8 and consists of a mesh and a curved rear mirror,
radius of curvature which is matched to the wavefront o

ssumed Gaussian beam (TEM00) which leaves the waveguid
The 200 lines/inch mesh (32) has been selected by trial a

rror optimizing the depth of the resonances and the fines

FIG. 7. Reflected power in a Fabry–Perot-type reflection cavity as a fun
f the mirror distance. The parameterr1 is the reflectivity of the first mirro
r2 5 0.9). The inset shows a wider range for the scanned mirror distance
h

or
d

lel
h
g

en-
n
,
n
th
n

of

he cavity. The measured finesse (dlax/dlcav) of the loaded
avity is about 40 and corresponds approximately to the
etical considerations mentioned before.

In this cavity the magnetic field of the standing waves
axima at the mirror surfaces and half wavelengths in betw

see Fig. 9). In order to have the maximum magnetic field a
ample position the sample has been glued at the back m

. Schottky Diode Heterodyne Detector

The requirements of the detector are a high sensit
'nW), a high time resolution ('ns), and a high dynam
ange (106). The high dynamic range is required because
trong excitation pulses, which precede the echo, shoul
aturate or destroy the Schottky diode. To protect the d
ne might use an optical switch, which can be opened whe
cho is expected. At 604 GHz the only fast optical switch

s currently known consists of a semiconductor slice (e.g.
hich is transparent for FIR radiation and can be made re

n
FIG. 8. The cavity used has a curved back mirror and a mesh as
irror. Scanning the rear mirror the cavity resonances can be recorde
btain a finesse of about 40.

FIG. 9. Contour plot of the magnetic field for the TEM003 mode in the
abry–Perot cavity. The dotted lines are for negative contour levels
agnetic field has local maxima with a spacing ofl/2. Note that there are loc
axima on the surface of the mesh and the curved mirror.
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53ELECTRON FAR INFRARED SPECTROMETER
ive by the creation of a very dense carrier plasma, for exam
y illumination with a strong Nd–YAG laser pulse (34). In a
ingle stage such a switch can provide an isolation of 20
ith a loss as small as 10%. Since such a switch require
dditional synchronized laser, it has not been used in
resent setup. In our case the Schottky diode withstand
igh power levels of the excitation pulses, so no direct pro

ion is used. However, the amplifiers following the rectifi
ignal show saturation effects. This problem has been s
y introducing a fast HF switch after the first amplifier (
ig. 10 and Table 4).
When the Schottky diode is used as a radiation detecto

peration principle can be seen in the following way: The ele
eld of the light over the contact modulates the applied
oltage. In video detection (35) this leads to an additional curre
I. By biasing the Schottky diode with a current source, thisDI is

ransformed into aDVsignal. For small light intensitiesP, the diode
ehaves like a quadratic detector (Vsignal ' P), and for large

ntensities, like a linear detector (Vsignal ' =P).
The effect of mixing two frequencies (v1, v2), which are

ent simultaneously, on the Schottky diode can be seen
imple Taylor expansion of the currentI (V(t)) around the bia
oint V0 (35):

I ~V~t!! 5 I ~V0! 1 S ­I

­VDV0

V 1 S1

2

­ 2I

­VDV0

V2 1 · · · . [13]

akingV(t) 5 V0 1 V1sin(v 1t) 1 V2sin(v 2t) and neglectin
erms higher than second order leads to

FIG. 10. Electronic components of the heterodyne

TAB
Microwave Elements Used in t

(1) MITEQ AFS4-04000800-08-10P4
(2) MITEQ AFS4-01000800-25-10P4
(3) Switch Innovat. Microw. Tech.
(4) YIG filter (Computer Solutions)
(5) Schottky diode EMC Tech.
le,

B
an
e

he
c-

ed

he
ic
s

a

I ~V~t!! 5 I ~V0! 1 S ­I

­VDV0

~V1sin~v1t! 1 V2sin~v2t!!

1
1

2 S ­ 2I

­V2D
V0

@V1
2 1 V2

2 1 V1
2cos~2v1t!

2 V2
2cos~2v2t! 1 V1V2cos~~v1 2 v2!t!

1 V1V2cos~~v1 1 v2!t!] 1 · · · , [14]

here the sum (v1 1 v2) and difference (v1 2 v2) frequencie
ccur. It can be seen that the term with the difference
uency is proportional toV1V2. Even for a very weak sign
mplitude (V1), we can obtain a strong mixing term when

ocal oscillator amplitude (V2) is high. However, the importa
umber of a heterodyne receiver is not the absolute value
ixing term, but the signal-to-noise ratio or the system n

emperature.
Since the best system noise temperatures for Schottky d

re obtained for local oscillator powers on the order of mW
IR lasers are used (611-GHz line of fully deuterated me

odide CD3I; CO2 pump line: 9R22).
The system noise temperature is defined as the tempe

n ohmic resistor would have when producing the same
ower at its output as the noise power of the system. It con
f the noise temperature of the mixer (Tmix) and the nois

emperature of the first, low-noise amplifier (TIF) times the
onversion loss (L):

Tsys5 Tmix 1 LTIF. [15]

eiver. The numbers correspond to the elements of Table 4.

4
Heterodyne Detection System

ain
Bandwidth

(GHz)
Noise figure

(dB)

30 dB 4–8 0.8
30 dB 1–8 2.5

1–18
1–18DB: 30 MHz
0–18
rec
LE
he

G
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54 MOLL ET AL.
he conversion loss is the ratio between incoming power a
etector and the power of the generated intermediate
uency. It is mainly influenced by the antenna characteris

he mixer block and the quality of the contact. Typical val
or the conversion loss are of the order of 10–50. The m
as typical values ofTmix 5 2000 K. It is obvious that a lowTIF

s important in order to reach the best system noise tem
ures. Therefore, the intermediate amplifier is normally co
for simplification we did not cool the IF amplifier in o
xperiment).
The standard technique in radioastronomy for determi

he system noise temperature is to perform a cold–hot
urement, where the signal is given by a blackbody radiat
7 K and at room temperature (36).
Experimentally, we can obtain three values,

Vhot 5 a~Thot 2 Tsys!, [16]

Vcold 5 a~Tcold 2 Tsys!, [17]

he voltage when the hot (cold) load is connected (wi
onstanta), and

DV 5 Vhot 2 Vcold, [18]

he signal on the lock-in amplifier when the cold sourc
hopped. The system noise temperature is then given as

T sys
DSB 5

Vhot 1 Vcold

2

DT

DV
, [19]

FIG. 11. Calculated field profi
e
e-
of
s
r

ra-
d

g
a-
at

a

s

here DSB (double sideband) signifies that both the lower
he upper sideband with respect to the LO frequency have
easured (nLO 2 n IF andnLO 1 n IF).
For the present setup we determined a system noise te

ture of 60,000 K, corresponding to a noise equivalent p
NEP 5 kBTsys) of 8 3 10219 W/Hz. Since the best report
alues for these kind of diodes are 2000 K, a factor of 30
till be gained in sensitivity (24).

. Homogeneity of the Polyhelix Magnet M9

The magnet used for the spin-echo experiment is the
elix magnet M9 at the Grenoble high-magnetic-field lab

ory. It is a 10-MW magnet which uses a combination of e
nner helical coils, an inner Bitter stack, and an outer B
tack, delivering a magnetic field of up to 25 T (25). Since this
agnet has been optimized only on the maximum mag

eld, it has a relatively poor spatial homogeneity (see Fig.
The temporal stability of resistive magnets is mainly gi

y the current fluctuation of the power supplies. For us
ow-frequency variations are important because a coppe
nder around the sample chamber shields noise above 10
ery well. The remaining fluctuations are in the freque
ange below 1 kHz, with an amplitude of about 10 G p–
aximum field.
The spatial and temporal magnetic field inhomogene

urrently limit EPR applications of resistive magnets to s
les with linewidths larger than 10 G.

. Fluctuations and Time Jitters

There are a number of elements involved in the experim
etup that contribute to a fluctuation of the echo amplit

f the Grenoble polyhelix magnet.
le o
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55ELECTRON FAR INFRARED SPECTROMETER
hey have already been discussed in the previous section
re summarized here.
The excitation pulses have a fluctuation both in ampli

nd in time. In a well-maintained laser system the ampli
uctuation can be reduced to about 10%. More serious i
ime jitter of the delay between the two pulses, which amo
o about 70 ns. For very longTM times it does not disturb th
easurements; however, it leads to an enormous jitter o
cho amplitude for short relaxation times. This jitter depe
nly on the thyratron and the spark gap of the TEA–CO2 lasers
nd can be minimized by proper maintenance of these
ents. However, the time jitter is no principal restricti
ecause it can be eliminated by software, by recording the
ignal together with the actual delay between the excita
ulses and counting into channels.
The static magnetic field shows low-frequency fluctuati
ver one echo sequence the static magnetic field is con
owever, it varies between two consecutive pulse sequ
ith a mean amplitude of about 10 G p–p (at 22 T). The v
f 10 G p–p is an estimate for “good” days and has been m
igher for other measurement days (depending on the p
ance of the 20-MW power supply). This fluctuation lead

he fact that the echo signal is always due to another
acket in the resonance line. It becomes the dominant fl
tion when samples with very small linewidths are studied
xtreme example is the measurement on BDPA with a
idth of about 10 G. Here, the sample was literally in and
f resonance between two consecutive echo sequences.
The amplitude of the cw FIR laser shows fluctuations

rifts in the power. Although this problem is well known, a
any solutions have been proposed (37) to stabilize the powe

n practice it limits the measurement possibilities on m
ays.

4. RESULTS

To describe the capabilities and limitations of our 604-G
SE spectrometer (see Table 5 for specifications) we
riefly describe the results of measurements on the spin l
EMPO (2,2,6,6-tetramethyl-1-piperidinyloxy) and BDP

a,g-bis diphenylene-b-phenylallyl 1:1 complex with ben
ene), which was dispersed in polystyrene and deposited
lm on the back mirror of the cavity. These free radicals h

TABLE 5
Specifications of the 604-GHz Spectrometer

Frequency/B field 604 GHz/21.5 T

Pulsewidth 100 ns
No. of pulses 2 or 3
Sensitivity 33 1012 spins per G
Temperature range 4 K up to 300 K
Sample restrictions linewidth.10 G
nd

e
e
he
ts

he
s

le-
,
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n

.
nt;
es
e
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o
in
u-
n
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r

y

z
ill
els

s a
e

een chosen because it is easy to vary the concentration a
umber of spins.
The first echoes we observed were generated with a s

ar infrared laser and an optical delay line to realize a two-p
equence with a fixed time delay of 300 ns. One of the
esults is presented in Fig. 12. There the excitation pulses
maller than the echo which is due to an electronical sw
laced in our amplification circuit to avoid saturation of
mplifiers caused by the intense excitation pulses. The s
pens after the pulses and enables us to detect the spin
ignal (attenuation of the switch: 30 dB).
The electron spin echo can be used to detect an EPR

rum by recording the height of the echo while sweeping
xternal magnetic field. In our experiment we used an os
cope (Tectronix TDS 644A) which has the option to set
ursors and integrate the enclosed signal. In this way the
eight has been recorded during the field sweep.
In a first experiment we measured the EPR spectrum

DPA in polystyrene (1:10) at the frequency of 604 GHz
temperature of 8 K (see Fig. 13). The sweep rate of
agnetic field was 1 G/s. The shape of the spectra ca

easonably well fit by a Gaussian curve with a full width at
aximum of 8.9 G. The strong fluctuation of the echo sign
ue to irregularities of the excitation pulse power and

emporal instability of the magnetic field, which are in
rder of about65 G. Averaging over several echoes is limi
ecause of the low repetition rate (8 Hz). However, one sh
e careful with the interpretation of the measured linesh
ecause the linewidth is comparable to magnetic field flu
tions. For the measurement of narrow resonance lines
ould have to install an active field stabilization to compen

he field fluctuations below 1 kHz. Higher frequencies can
asily filtered out in a passive way by using a copper shi
The electron spin echo experiment offers the opportuni

etermine the spin memory timeTM, which is often related t
he spin–spin relaxation timeT2:

FIG. 12. Two-pulse spin echo sequence on BDPA in a polystyrene m
he frequency of the pulses is 604 GHz leading to a resonance posit
1.4415 T. The graph is a single shot taken at 8 K. The excitation puls
ttenuated by 30 dB with the help of an electronic switch.
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1

TM
5

1

T2
1

1

2T1
. [20]

The procedure is to perform several two-pulse echo ex
ments for different interpulse timest. The measurements we
one with two independent far infrared lasers being trigg
y a multichannel delay generator. The typical result is plo

n Fig. 14 for measurements on BDPA (1:10) at 4.9 K i
agnetic field of 21.442 T. The first and second excita
ulses are attenuated by the microwave switch with an i

ion of 30 dB, where the opening of the switch is accompa
y noise, giving rise to some artificial peaks. We see clearl
cho height decreasing for long delayst. If we take the ech
eights as a function oft (inset of Fig. 14) we can fit
rst-order exponential decay (}exp(22t/TM)) in order to de
ermine the spin memory timeTM. For BDPA we obtain aTM

f 830 ns corresponding to a homogeneous linewidth ofG 5
/gTM ' 0.13 G.
The saturation recovery experiment is a three-pulse

ique offering the opportunity to determine the spin–lat
elaxation rateT1. An intense resonant pulse excites the s
ystem and takes it out of thermal equilibrium. Especiall
igh magnetic fields, the change of the level population ca
ery large due to the high initial spin polarization. The re
tion back to equilibrium is accomplished by coupling betw

he spins and the lattice characterized byT1. The recovery o
he initial population can be probed by a simple two-pulse e
equence. If the time delayt between the saturation pulse a
he echo sequence is small the amplitude of the echo is s
y extending the delay we can observe an increase of the
ignal toward the echo amplitude of the equilibrium c
ithout saturation pulse.
In Fig. 15 we illustrate a typical result obtained on TEM

n polystyrene (1:30) in a magnetic field of 21.506 T and

FIG. 13. Echo detected EPR spectrum of BDPA in polystyrene matri
frequency of 604 GHz and a temperature of 8 K. The dotted line is a Ga
t. The jitter in the echo amplitude is due to the jitter of the external mag
eld.
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emperature of 8 K. Curve (1) shows a three-pulse sequ
ith a very short delay timet between saturation pulse and

wo-pulse echo sequence, with a small echo amplitud
omparison, the normal two-pulse result is given by curve
e recorded the echo amplitude for differentts and observ

he recovery of the echo, which is plotted in the inset of
5. To determine the spin–lattice relaxation timeT1 we fit the
oltzmann function

E~t! 5
A 2 E~`!

1 1 exp~t /T1!
1 E~`! [21]

ith the three parametersA, E(`), andT1. The obtained valu
or T1 is 10.3ms 6 1.2.

5. SENSITIVITY

An exact determination of the sensitivity of the spectrom
s difficult because several values are not exactly known
xample, the attenuation in the oversized waveguides de
ery critically on the alignment of the waveguide axis on
ptical axis of the experiment. Nevertheless, we try to giv
rder of magnitude estimation of the expected sensitivity
ompare this value with the experimentally determined s
ivity.

The emitted echo power following a free precession af
/2 pulse is given by (12, 38)

Pe 5
m0

2
v0M t

2hQlVs, [22]

hereM t is the transverse magnetization, which is 2pmBN/Vs,
being the number of contributing spins andVs being the

ample volume. The filling factor,h, defined as

FIG. 14. Set of two-pulse echo measurements for different interp
imest on BDPA in polystyrene (1:10) at 4.9 K in 21.442 T. The inset sh
he echo decay function being fit by exp(2t /TM).
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h 5
*sampleB1

2dV

*cavity B1
2dV

, [23]

epends on the geometry of the cavity.Ql is the quality of the
oaded cavity. Using appropriate numbers,Ql 5 80,h 5 0.01,Vs

2.8 3 1029 m3, we obtain a radiated echo power of

2.3 3 10230N2 @W#. [24]

e want to point out thatN is not the total number of spins b
nly the number of spins which are turned into thexy plane.
The generated echo power is transported in the over
aveguides and only a fractiona reaches the detector. Th
alue has to be compared with the detector threshold, the
quivalent power. We have determined the noise-equiv
ower in two ways: (1) in a hot–cold measurement the
ystem noise temperature has been determined to be 60,0
hen we multiply this value bykB we obtain a noise equi

lent power of 83 10219 W/Hz. Assuming a bandwidth of
Hz we obtain a noise power of about 1029 W. (2) A more
irect way of determining the noise power of the system
ompare it with a reference source. For this measureme
etermine the power of the pulsed FIR laser with a calibr
etector (Technoexan F 150). The FIR pulses are then s

he heterodyne detector and are attenuated until the noise
f the detection system is reached. We determined a
ower of about 1028 W.
If we set the echo power equal to the noise power (1028 W),

ssuming a value ofa 5 1/50, we estimate the number
etectable spins to be

N 5 4 3 1011. [25]

FIG. 15. (a) Saturation pulse sequence with attenuated echo. (b) N
wo-pulse echo. The inset shows the raising of the echo amplitude as a fu
f the delay between saturation pulse and echo sequence. The measu
re done on TEMPO (1:30) in a magnetic field of 21.506 and at a tempe
f 8 K.
ed

ise
nt
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o
we
d
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This value can be compared with the experimentally d
ined value. For a sample with an absolute number of16

pins, we obtain a signal to noise value of 10,000 and an
inewidth of about 100 G. If we assume that only 1/30 of
pins are in resonance with the FIR pulses, we obtain fo
etection limit 1016/(30=10,000) 5 3 3 1012 spins. This valu
orresponds within one order of magnitude to the theoreti
stimated value.
The value for the sensitivity is not very impressive, but

pectrometer has been set up as a test spectrometer to s
lectron-spin-echo spectroscopy can be performed using
al techniques. The above considerations show at onc
weak points” in the setup, which can be improved in orde
ncrease the sensitivity: (1) the quality factor of the cavity,
he losses in the oversized waveguides, and (3) the sens
f the detection system. We think that it is possible to incr

he sensitivity by several orders of magnitude.

6. CONCLUSION

We have constructed an electron-spin-echo spectrom
ith an operating frequency of 604 GHz, which is more th

actor of 4 higher than ESE spectrometers reported befo
rder to achieve this we have chosen a different approach

n existing spectrometers, because these high frequencie
ot easily be handled with conventional microwave/millim

er-wave techniques. As high-frequency source we have
en pulsed FIR lasers and we have employed quasi-o
echniques for the beam transport, the cavity, and the dete
escribed in the experimental part of this work. Two pu
nd one cw FIR laser system are synchronized in the ex
ental setup.
Although the spectrometer is not as versatile as the

stablished spectrometers that work at lower frequenci
emonstrates that pulsed EPR at very high magnetic
bove 20 T is possible. To the best of our knowledge we
erformed the first electron spin echo experiments using
al and not conventional microwave techniques. We h
hown that we can produce two- and three-pulse sequen
easure the spin–spin and the spin–lattice relaxation t
ue to its construction principle (quasi-optical techniques)
pectrometer is not limited to only 604 GHz. With an impro
avity and beam transport, a variety of different FIR li
ould be used, which would be particularly interesting
tudying the frequency dependence of relaxation times.
A practical difficulty has been that the setup in the resis

5-T magnet of the Grenoble High Magnetic Field Labora
as not permanent, but had to be moved out after each
urement period. The installation and alignment of the lase
ime-consuming and makes it particularly difficult to ope
he FIR lasers in the most stable conditions. This is, of co
n principle no restriction, because very stable and mobile
aser systems exist. However, in these setups the advant

obility is at the cost of very careful preparation perio

al
ion
ents
re
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hich require a lot of manpower. We think that the sensiti
n a permanent setup could be increased by several ord

agnitude, improving the light guiding, the cavity, and
etection system.
Our constructed spectrometer is interesting for the stud
any samples due to its overwhelmingg resolution. For ex
mple, in TEMPO the hyperfine interaction determines

inewidth at conventional 9.5 GHz, whereas at 604 GHz
inewidth due to the anisotropicg tensor becomes dominant.
his way it is possible to perform orientational studies
owder samples by selecting a certain magnetic field.
elaxation times for a chosen molecule or crystallite orienta
rovide information about the structural and dynamical p
rties of the environment surrounding the probe. This is

icularly interesting for biological samples where single c
als are not available and the hyperfine interactions are l
han theg anisotropy at low frequencies.

The spectrometer is interesting not only for applied stud
ut also for fundamental investigations of spin dynamic

hese high Zeeman splittings (2.5 meV at 604 GHz forg 5 2).
he finding of very long spin-memory times for samples w
relatively high spin concentration has been assigned

lmost complete spin polarization at these high frequen
elds (17). By relatively concentrated samples, we mean
he individual spins cannot be regarded as isolated bu
oupled due to dipolar or exchange interaction. The fact
he spin-memory times become longer with increasing freq
ies makes the spectrometer particularly interesting for
tudy of substances which have too short relaxation tim
onventional frequencies (coupled and correlated spin
ems).
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