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Exploring New Active Materials for Low-Noise
Room-Temperature Microwave Amplifiers
and Other Devices

Aharon Blank, Raphael Kastnesenior Member, IEEEand Haim Levanon

Abstract—Newly discovered chemical systems, mainly thed severe realization difficulties. In addition, devices such as field-
molecule (a molecule containing 60 carbon atoms) and porphyrin effect transistors (FET’s), high electron-mobility transistors
molecules (one of the basic building blocks of the hemoglobin and (HEMT’s) or parametric low-noise amplifiers, when cooled

chlorophyll molecules) dissolved in organic solvents, have beent th ¢ t | hi | .
considered as active microwave amplifying or absorbing mate- [© tN€S€ lemperatures, can also achieve a very low-noise

rials. These effects are obtained under an external dc magnetic temperature [9], [10]. A fairly simple thermoelectric cooling
field as well as optical excitation. These materials are potentially technique is usually used to cool these devices to moderate

important in certain applications in microwaves. In this paper, temperatures in order to achieve noise temperatures of about

an attempt is made at evaluating this potential. To this end, the 3554 i the microwave region (note that noise temperature
complex permeability of the dissolved G, molecules has been

measured, under the aforementioned physical conditions, in three NOrmally rises with frequency). It should be noted, nonetheless,
different experiments with the aid of three types of electron that maser amplifiers are still in use for such applications as
paramagnetic resonance (EPR) spectrometers, respectively. Thedeep-space communications and radio telescopes [11], where
permeability of the Cg, molecules, when dissolved in liquid ultra-low-noise performance is required.

toluene, has been found to have a negative imaginary part of . .
about /' = —0.0055 (ie., attenuating for the ¢! harmonic time Conventional EPR-based solid-state masers must operate

dependence) over a bandwidth of 0.4 MHz around the center @t Cryogenic temperatures because the pumping frequency
frequency, which is known as the Larmor frequency, and is is in the microwave region. Operation at room temperature
determined by the external dc magnetic field. Alternatively, the would lead to a low inversion ratio, which is characterized
same molecules, when dissolved in a nematic liquid crystal (LC), 1,y an almost equal Boltzmann distribution of the different
have either positive (amplifying) or negative (absorbing}.; , with . . .
absolute value of about 0.005 over a bandwidth of 27 MHz. Microwave energyllevels (lehr < KT, where 7 is

All measurements have been taken around the temperature of Planck’s constanty is the frequencyk; is the Boltzmann’s

T = 253 K. The lifetime of the phenomenon, during the time constant, andl’ is the temperature in kelvin). Another and
span that follows the laser Optica| eXCitation, is about 1QLS The more domlnant reason for Opera“ng |n the |Ow_temperature

applicability of those materials for solid state optically pumped regime is the fact that the Zeeman levels life tinfg)(in the
maser amplifiers, which operate at room temperature with a very

low-noise temperature or for other novel devices, is demonstrated Paramagnetic crystals used by these masers falls off rapidly
in this paper. as temperature rises, reaching just a few nanoseconds or less

Index Terms—Active microwave materials, electron spin reso- at room _tempergture [4]. Thls short lifetime would Imply an
nance, low-noise amplifiers, masers. unrealistically high pumping power, thereby excluding the
possibility of maser operation in both the continuous wave
(CW) mode and the pulsed mode; such a short lifetime
|. INTRODUCTION does not allow the maser signal to build up properly, hence,
amplification is not feasible.
A. Background A successful attempt to overcome the first obstacle men-
INCE their invention [1] and fabrication [2], solid-statetioned above was made with an optically pumped solid-state
S:avity masers [3] and traveling-wave masers [4], [5]naser that was first proposed in 1957 [12] and demonstrated
which are based on electron paramagnetic resonance (EPRJcessfully in 1962 [13]. These kinds of devices can theoret-
have been used in a variety of applications, especially thdselly retain high inversion ratio and low-noise temperature at
which exploit their low-noise figure as microwave sourcetemperatures as high as room temperature [14], [15]. However,
and microwave amplifiers [6]-[8]. However, in the 1970'gpractical devices are still limited by the short lifetime of the
and 1980’s, the interest in such devices declined, mairfeeman levels and cannot operate above approximately 100 K.
due to the fact that they operate at very low cryogenic Recently, extensive research has been reported in the chem-
temperatures, typically equal to 1.5 K, a fact which posésal community regarding the optically excited EPR spectrum
Manuscript received December 22, 1997; revised August 12, 1998. of a variety of chemical materials [16]-{18]. Some of these
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render the magnetic susceptibility mormalized units only, Il. THE MAGNETIC PROPERTIES OFCgo IN TOLUENE AND LC

as a function of magnetic field. However, for engineering Normally, the G, molecule, due to its highly symmetrical

purposes, one would require an actual evaluation of g tre, is not EPR active. However, after irradiation with
magnetic susceptibility of the materials under investigation Vv or visible light, a transient EPR signal will appear. This

order to assess the possible benefits of these materials. o | is assigned to the photo-excited triplet state gf C
date, such information is not available in the context of th@*CGO) [17]

aforementioned investigations. Previous research has shown the existence of a mechanism

which leads to selective population by selective intersystem

B. Objectives of This Paper crossing in the triplef*Cg, molecule, thereby causing the

Our investigations have focused on the evaluation of tfePR spectrum of g in LC to have a non-Boltzmannian
permeability of photo-excited ¢ molecules dissolved in distribution [16]. It has been shown that it is quite likely
liquid toluene and liquid crystal (LC),in terms of absolute that the selective population results in a situation with un-
rather than arbitrary units as a function of frequency in @erpopulated and overpopulated spin states [18], [20] which
given dc magnetic field. Finding these permeability valuesill generate positive or negative imaginary spin susceptibility
enabled us at this stage to further assess the applicability(@épending on the dc magnetic field at a given frequency).
these materials for use in a number of conventional as welbwever, as mentioned above, these works revealed only the
as novel microwave devices. The methods used in this papéotophysical and photochemical side of the phenomenon, and
also enable the investigation of additional chemical systentid not include absolute values of the material susceptibility.
which are best suited for the applications listed below. Baséd this paper, an attempt is made to quantitatively evaluate
on these results, a demonstration of one of these applicatithis transient phenomenon and exploit the well-known fact
is now being investigated. that EPR-based solid-state masers use an inverted population

One very promising application of these materials is ienergy-level system (i.e., have positive imaginary magnetic
their use as active amplifying substances in optically pumpedsceptibility) [21], with the objective of estimating the po-
solid-state maser amplifiers operating at room temperatutential of this phenomenon for engineering applications.
We use the term “solid-state,” although we are dealing with Measurement of the ac susceptibility of stable materials with
liquids at room temperature, in order to make a distinctigmt”’| < 1 is feasible using a number of methods [22], [23]
between these and gas masers. The latter ones are \@MhereX” is the imaginary part of the magnetic susceptibility
weak in terms of both self-oscillating microwave power anger material quantity). On the other hand, we are dealing here
microwave-amplification saturation power as compared witfith a transient phenomenon which may potentially generate
solid or liquid phase masers. This application would exploit thealues of the order oft”'| = 1. Consequently, we have been
positive imaginary permeability values of these materials f@érced to use three different EPR spectrometers in order to
the amplification of electromagnetic (EM) radiation with verphtain quantitative results. These measurements are described
low-noise temperature. The low-noise temperature is achievgtihe remainder of this section.
by virtue of the low negative temperature of the optically The first measurement involved investigation of,Qn
pumped spin.sys-,tanDetaiIs are given below. _toluene and LC, and was performed using a time-resolved

Other applications would take advantage of the followingpr spectrometer [24]. This device measures the susceptibility
properties of these materials: the optically excited spin levelg yery short processes either as a function of time for a
are easily saturated by EM ragjia_ti_on of th_e order of magnit_u%,en dc magnetic field and frequency or as a function of
of 1 mW to create an EM limiting device. Such a devicge gc magnetic field for a given frequency and time. In
protects sensitive receivers from strong incoming EM_S|gn_a[§ur experiments, this device has been used to measure the
Further uses may be found by exploiting the special timg,scentibility of the G molecules, following the laser pulse
dependency of the permeability following laser excitation Qlyciation. Details of the experiment apparatus are given in

other special EM features Iisteq below. As .stated above, t 2';4]. The measured susceptibility ofCin liquid toluene and
paper deals with methods which quantitatively evaluate trl‘_% as a function of the magnetic field on the same arbitrary
permeability of materials subject to light excitation and an ex

T . ' =Scale at a frequency of 9.14 GHz is shown in Fig. 1. The
ternal dc magnetic field, and can also assess the appllcablhtyrgfuItS for both solvents are shown together, although they

the properties measured as to their use in several conventior%lle been measured separately in [16] and [18], with the aid

and novel EM devices. : . : L
: . . f signal-to-noise ratio (SNR) estimations and knowledge of
Three type_s OFEPR ex_penments detailed n _Sectlon .” ma%e spin dynamics [20], [25]. This is done as follows: one can
the quantitative evaluation of the permeability possible.

. . ee that the signal level ofgg in toluene is somewhat above
fourth experiment, which shall demonstrate and assess the ) , L
. . . : : najse level at the time that shortly follows the laser’s excitation
materials as active maser materials, is both undergoing

o : . . a(gee [16], [18], and Fig. 1). The time dependency of this signal,
presented (in its theoretical aspects) in Section Ill, reported in [25], shows that the signal evolves to its maximum

we h d the L@ hich contains the followi erial at about 2.7:s after lasers excitation and that its amplitude at
e have use e — 7, which contains the following materials: . . . . .
Ri—Ph—CN, where Ph is phenol ring and R CsHa1 in 51%, R, = CrHys  O-3 /S after excitation is a_lbout 0.25 of t_he maximum amplitude
in 25%, Ry = CgH70 in 16%, R = CsHy1Ph in 8%. [25], thus providing us with a good estimate of the SNR levels
2For details of electron spin-system temperature definition, see [19].  in the previously reported experiments [16], [18] and helping
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; Fig. 2. The imaginary part of the magnetic susceptibility @b Gn liquid
a2 0.324 0.326 0.328 0.330 toluene, 2.7us after laser pulse excitation together with grains of solid DPPH
Magnetic flux (Tesla) as a function of the magnetic field at a frequency of 9.295 GHz. Results

obtained by Fourier-transform EPR at a temperature of 253 K.
Fig. 1. The imaginary part of the magnetic susceptibility @f @nolecules
in toluene at 253 K and in LC at 243 K. Solid line: the spectrum @f C
in toluene 2.7us after laser pulse excitation. Dashed line: the spectrum of 200
Cso In toluene 0.3us after laser pulse excitation. Circles: the spectrum of
Cso in LC 0.3 us after laser pulse excitation. Results were measured by
time-resolved EPR spectrometer. The toluene spectrum lines were shifted by
5 G for convenience.

150

100
incorporate the measurements in [16] and [18] into Fig. 1. The
error estimated from this combination is a factor of two.

One can also see in Fig. 1 that only a single absorption peak
(i.e., negative imaginary susceptibility) exists in liquid toluene.
This is due to the fast rotation of the molecules which tends
to average the zero field splitting (ZFS) factor to zero. On the
other hand, this averaging effect does not occur in LC in the 0033 03306 03313 03320 332 03333 0334
nematic phase, and the spin energy levels of the triplet are Magnetic flux (Tesla)
selectively populated [16], [26]. Therefore, in this case, th&g. 3. The imaginary part of the magnetic susceptibility of solid DPPH
sign of the imaginary part of the susceptibility is dependeagtains (solid line) and “strong-pitch” (dashed line) as a function of the
upon the magnetic field. The time-resolved EPR Spectrome?@gnetlc field as measured in “conventional” EPR spectrometer.
results cannot be calibrated because common materials with
known ac susceptibility, which are used to calibrate ordiiven sample size: 7.% 10! (leading to known ac magnetic
nary EPR spectrometers results, also have time-independgiéceptibility). These two measurements are shown together
susceptibility [22], which is subtracted in the time-resolvefh Fig. 3. By integrating the susceptibilities to obtain the area
mechanism (the detector is ac-coupled to reduce noise). below the graphs of Fig. 3, one can estimate the number

In the second measurement, we used a Fourier-transfasmspins contributing to the signal of DPPH as 1/8.5 of the
EPR spectrometer. This device monitors substances with'strong-pitch” signal or about 9 10 spins. In Fig. 3, it
narrow EPR spectrum, both time constant and time dependeyan be deduced that the area below the DPPH signal is about
and enables the possibility to jointly view the susceptibilitiegx larger than that of the signal ofsgin toluene, leading to
of Ceo in liquid toluene and of solid 1,1-diphenyl-2-pycrylthe conclusion that about 8 10 spins contributed to the
hydrazyl (DPPH), the latter being used as a reference mateqg), signal. This number is comparable to prior assessments
with a quantitatively known measured signal, if its quantity isf thermal equilibrium of the resultant signal [16], [25]. Fig. 1
known. Our measurement consisted af Gn liquid toluene shows (again, via integration of the curve) that the number
in a concentration of 16® mol/L at an irradiated sample of spins contributing to the signal of¢g in LC is about
volume of 0.07 cm, which we added on the sample tub&0x larger than those of & in toluene, leading to the
(glued outside the sample) by yet unknown amount of solfgct that approximately 1.5 10 spins contributed to the
DPPH grains. Both substances have a very narrow spectrgignal of G, in LC. From this effective spin number and the
The first one is transient, while the other one is stableample volume, the ac susceptibility can be derived using the
The susceptibility of these two materials as measured jointlgllowing relationships.
still in an arbitrary susceptibility scale, as a function of the The power absorbed in 27 + 1 energy-level system, as a
magnetic field is presented in Fig. 2. The quantity of DPPRsult of anmy_; to my; magnetic transition is [27]
used in the Fourier-transform measurement was determined by
performing the third measurement in a conventional CW EPR Wms) = AN (hw)p(ma)
spectrometer with a special calibrating substance (“strong- =AN(W) (7 /4y HE (T +my)(J —my +1)
pitch”),2 which has a known number of effective spins in the < flw — wo) (1)

-x'" Arbitrary Scale

3Reference Manual for Instrumentation Brucker EPR Spectrometer Model . ) . .
380E, Brucker Analytik GmbH, Germany, 1991 where AN is the spin population difference between the
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levelsm;_; andmy, v is the microwave frequency, is the
Planck constanty = gup/h is the electron—gyro magnetic
ratio, H; is the ac magnetic-field amplitudg(w — wo) is a (g, 1)
normalized absorption/emission-line function, ap@n;) is b
the probability of transition per time unit. It is known thata
the absorbed power in a magnetic material with imaginary
volume magnetic susceptibility” (not to be confused with
our measured results ¢’ above) at frequency is

(&, 1)
W = %wﬁ”Hf. 2)

X=0

Fig. 4. Cross section of a rectangular waveguide with a cylindrical sample

From (1) and (2)’ we have inside it. There is nd"-axis dependence.

AN
v = e hy?(J +mg) - (J—ms+1)f(w—wo). (3) cylinders where the inner cylinder represents the sample and
the outer cylinder represents the quartz tube enclosure. This
_ . _ kind of dielectric structure is commonly used as a frequency
In our case, we takd = 1 (triplet state) gndnJ =0. The filter and has been previously discussed in [28]-[30]. This
value of f(w—wyp) at resonance can be estimated by taking

table Lorentzian line sh nd looking at our m §e, however, is more general as both materials with both
acceptavle Lorentzia € shape and looking at our MEasUgL .- ang magnetic material properties need be considered.
linewidth results, thereby obtaining the ac susceptibility a

:
€
. t th lusion that the i . ¢ of th or the sake of validation, two computationally different
armving at né conciusion that the imaginary part o gpproaches have been used. Further validation of the results
ac volume magnetic permeability ofg& in LC, under dc

o : - was made through measurements.
magnetic f|§Id, ata concentratpn pf*meoI/L, I'=253K The first computational approach is based upon the equiva-
and, following laser pulse excitation, is aboutf = 0.005

. L = lent currents formulation [31]. Beginning with the Maxwell’s
over a bandwidth of 27 MHz. This is the absolute value O; [31] 9 9

the imaginary permeability, which, as can be seen in Fig. (,]uatlons inside a waveguide [32]

may be either positive (emission) or negative (absorption) .

depending on the frequency and dc applied magnetic field. VxE=-jouH-M

Lifetime of the phenomenon is about 1@ [20]. For G in VxH=jweE+J (4)
liquid toluene, similar values are observed, however, only in

a bandwidth of about 0.4 MHz and for negative imaginarwhere E and H are the electric and magnetic fields, respec-
permeability values. tively, andJ and M are the electric- and magnetic-current
density sources, respectively. We can obtain the wave equation
inside the waveguide, assumifigdy = 0, as in TE,o modes,

as follows:

This section deals with both the fourth experiment and with

lll. Cgo IN LC AS A MASER MATERIAL

the theory which is used to assess the capability of the abow¥#E, 9%FE, 20 F — i oM, OM, 5

material as an active maser amplifier device. The followinggz2 ' g2 T W Heby = JWhJy + —57= = —5 = (5)

five aspects of the maser phenomenon are considered:
1) noise temperature; A solution of this equation for a two-dimensional (2-D)
2) gain-loss balance; cylinder scattering problem for a free-space boundary con-
3) pumping power; dition by the equivalent currents’ formulation was employed
4) oscillation buildup time; in [31]. The application of a similar formulation to solve our

5) maximum gain, bandwidth, and saturation power.  Problem s facilitated by replacing the free-space Green’s func-

We first briefly describe the numerical electromagnetic prtt)'—on by t_he Grgen’s function for a wave’gwde [.32.]' UnI|ke_ the_
cedure developed to evaluate the scattering matrix paramefé%ely dielectric case, complete Green’s dyadic information is
of a cylindrical sample inside a rectangular waveguide ar?(?eded for both types of sources as _fOHOWS' o
the experimental process of validating the numerical model. A* The Green's dyad element relating the electric field to
cylindrical sample was chosen because it is the natural way of €lectric sources (designated, respectively, by the super-
employing liquid samples inside a waveguide, it is commonly ~ SCript and subscript below)
used in EPR experiments and, in fact, it is intended to build
an amplifying device which will probably be based initially ny (z, z; 2, )
on such a cylindrical sample as an amplifying substance. ’ Lo ,

A sketch of the cylindrical system in a rectangular wave- — Z 1 sin (@) sin <ﬂ) e~ dkanlz=2"]
guide is shown at Fig. 4. This problem can be generalized o = @ @
without much difficulty to the problem of two concentric (6)
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|

e The elements relating the magnetic field to magnetic
sources

Gaf (@, 2 ', 2)
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oo
we 1 /nmzy . (nrx’\ _. .. _e»
=—-— Z s (—) sin <—> e ikenlz=7"] €
a = kun a a (b)
GZ: (z, z; 2/, /) Fig. 5. Impedance matrix parametBu = Real(Z:2) [see Fig. 8(b)]. As

calculated for post witk’ = 4 ande’ as ther-axis parameter, the post radius
nwx nnx' ko o= | is r = 0.05a and the wavelength i& = 1.4a. At (a) the results of [30], and
= Z i oS ( ) coS e - at (b) the results of the fictitious currents (solid line) and equivalent currents
" a a (dashed line) calculation.

waveguide were: = 3.5 cm andb = 1 cm, and the operating

Using this Green’s dyad, the employment of the equivaleffeauency was 6.91 GHz. The dimensions of the waveguide
current formulation is quite straightforward, resulting in thé/ere designed to fit within a given static magnet used for
scattering matrix of the dielectric/magnetic post. A secorifl® Spin microwave amplifying device, both in term of its
formulation, using fictitious currents [29], was also employe@eometry and magnetic field. The predicted and measured
A comparison between the two methods and the published [esults obtained for an 8-mm-diameter Teflon cylinder placed
erature [30] for the case of a dielectric post is shown in Fig. 8t the center of the waveguide are shown in Fig. 6.

It can be seen that a good agreement exists between botMVith the results of the above theoretical and experimental
the two computational methods and the previously publish#prk, an application demonstration is to be carried out. This
results. Although these results relate to dielectric samplesdgmonstration device is designed to directly evaluate the
is anticipated that similar accuracy would be achieved f@pplicability of G in LC as an active maser amplifier device
magnetic posts as well. An experimental phase has bdgrierms of the aforementioned five aspects. We now present
carried out as another validation of the calculation. Tha theoretical treatment for the expected performance of such
experiment included measuring the return loss by dielectdevice as follows:

and magnetic samples within a rectangular waveguide using &) Noise TemperatureNoise temperature of optically
vector network analyzer. These measurements also constijutenped microwave masers was discussed in [14] with a
part of the preparation for the microwave amplifying masdypical energy level scheme of a three-level maser using an
(see the fourth experiment below). The dimensions of thoptically pumping solid-state maser, shown in Fig. 7(a). This
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Fig. 6. Reflection coefficient of a Teflon post of radius of 8 mm, calculated W Ns
and measured. The measurements were carried out with a nonstandard A 23 wul ?WzsIv
rectangular waveguide with dimensions= 3.5 cm, b = 1 cm, designed #
to fit within the gap of the magnet. This causes difficulties in the design N,
of a wide-band waveguide-to-coax adaptor, hence, the discrepancies between Wiz
measurements and computation above 6.95 GHz. R X
Optically pumping

at frequency v, W =Ws =W,

energy level system has a noise temperature at equilibrium
of [14]
v —

W21:| {w32 kT Wia _ 1} -t
(b)

|1c| =T {1 +—
w21
(10) Fig. 7. Energy level scheme for “conventional” (a) optically pumped
solid-state maser and (b) optically pumpeghGn LC. The w’s represents

where T is the physical temperature in kelvin. In a typicathe transition rate, wher# represents induced transitions.
case,Wis > ws1 + wzz and Wy < wey, We obtain

kpT }—1 is virtually empty. Also, the light excitation is spin selective,

Ny

wor  hvie war +waz + Wi

w32

|Te| == T[—

(11) which gives a spin population difference of aboutsthore
than the ordinary Boltzmann population difference at 253 K

Due to the fact that solid-state optically pumped masefss we have seen in Section Il). This means that the effective
havews:, which is highly temperature dependent [14], [15]spin temperature immediately after the laser pulse is lower
there is a difficulty in operating these masers above cryogefiigan 5 K and approaches zero as the selectivity of the process
temperatures (as in ordinary microwave pumped solid-staé&mproved, as in materials we intend to examine in the future.
masers). It can be seen from (11) thatwag rises, so does On the other hand, trying to obtain pulsed maser in the ordinary
the noise temperature. A schematic energy level diagram gframagnetic crystals case, even with complete selectivity in
the Ggo in the LC case is shown at Fig. 7(b). At steady-staiye process will not allow us, of course, to empty the lower
equilibrium, the expression for the noise temperature is  |eve| because at= 0, the ground level of the maser frequency
is fully populated.

wao1 hl/12

hv wq kT -t X ) , . . ,
T, ~ 23 =7|—= 2B _ 1] . (12)  Our discussion did not consider other noise factors in the
wy hl/23 w32 ]7,1/32 . . . .
kp|— — system such as input line losses and cavity losses, which
w2 kT contribute to the noise temperature of the device. However,

At first sight, this expression seems similar to the orfey careful construction, the contribution of these should not
above, however, there are two important differences. Firstfe substantial.
wsp IS NOt strongly dependent upon the temperature (as in2) Gain—Loss BalanceOne of the most important aspects
paramagnetic crystals) used at conventional EPR masers ggldted to maser action which have to be examined is the
remains at several microseconds even at room temperat@@én—loss balance of the maser material. In our experiments, a
(compared to nanoseconds and less in paramagnetic crystalindrical sample was used. Let us examine the situation of
at room temperature). Secondly, as shall be shown belawylindrical sample placed in the middle of a rectangular wave-
the possibility of a pulsed maser and not a CW maser @slide, as shown in Fig. 8(a). The equivalent transmission-line
examined (due to pumping power restrictions). In a pulsedpresentation of this problem is shown in Fig. 8(b). The
system, the pumped energy level is saturated with a stroeyjindrical sample impedance matrix calculation is based upon
laser pulse. For the & in the LC case, prior to the pulsethe above discussion (at the beginning of this section) and the
excitation, the lower level of the spins [see Fig. 7(b), level 2hductive slit impedance matrix calculation is based on [28]
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along with very strong optical power. For that reason, we
discuss the use of this material as a pulsed maser only. Other
materials that are under investigation (see below) may enable
CW operation much easier.

4) Oscillation Buildup Time:Use of the maser as a pulsed
system requires that the oscillation buildup time must be much
Cso in LC cylindrical smaller than the lifetime of the phenomenon (the population

sample inversion). The buildup time can be analyzed the same way

(@) as discussed in [34]. By taking the typical permeability and
permittivity of Fig. 9 (dashed line), it is possible to calculate
ZZn H Zn-Zoy i for a typical X-band cavity that the buildup time to reach a

signal amplification of 30 dB is about 30 ns after the laser’s

2 Inductive slit with Short excitation pulse (which, itself, lasts about 10 ns). This short
r impedance - jX buildup time enables the treatment of the maser as a steady-
ect state phenomenon, as has been done above, and also enables
lézefgg‘;:t Post with impedance matrix the use of the system in pulsed mode.
Z,; equivalent circuit. 5) Maximum Gain, Bandwidth, and Saturation Power:
®) Since we are dealing with a typical number off1@nolecules

. Lo o o of an active material with a population inversiahN of
Fig. 8. (a) Maser cavity with the cylindrical sample inside dt,and b 6 . . .
represent the waveguide dimensions. (b) The equivalent transmission-fHOUt 16° molecules, saturation of this pulse system with a
representation of the cavity with the sample, which was used to calculagicrowave pulse of maximum 1@s requires 6x 1073 J,
the reflection coefficient (see Fig. 6). or 6 mW. The bandwidth of the system is determined by
the linewidth, shown in Fig. 1, typically about 27 MHz,
although, it may be a bit smaller than that if one takes the
gain influence into consideration [35]. Practical devices may
increase the bandwidth by using several magnetic fields or
use of a traveling-waves structure to increase the amount of
amplifying material, causing the saturation power to increase
accordingly [35].
It is concluded that a pulsed low-noise optically pumped
? maser is feasible with the above data and considerations. Other
: possibilities of novel electronic/EM devices which exploit
-5 : these materials’ properties are listed below.
0.02 0.04 0.06 0.08 01 L . . .
Cavity Length, meters a) EM limiting devices: These devices exploit the fact
Fig. 9. Calculated reflection coefficient of maser cavity, shown in Fig. 8, iﬂ‘aﬁ the .sample material is easily Sa!twated t?y EM rad!atlgn.
decibels as a function of sample properties and cavity length. The waveguldsing this property may protect sensitive receivers. Designing
gigﬁfrgig”sﬁrm_ - Ut-_035 If_? and’t? - 0-0,1hm-dRF fffque][‘%y taken gsta proper microwave junction between the antenna and the
sémple rgdiuseism4ur?lrlr\:.essollidwl?nse:athznrglereﬁcelacr;]:ee(r)fosamgllem pir(])peri celver Clan dQ this. For Sm_a” enough S!gnals' th(—.? material
e =2 —0.01j andg, = 1 — 04. Dotted line: the case of, = 2 — 0.01; Ssample dielectric and especially magnetic properties cause
and p» = 14 0.001;. Dashed line: the case of. = 2 — 0.01; and the signal to enter the receiver. However, for stronger EM
pr = 140.015. signals, the sample loses its unique magnetic properties and the
EM radiation is, by proper design of the microwave junction,
and [33]. Fig. 9 shows the resulting reflection coefficient afiverted from the receiver and does not harm it. The small
the structure presented in Fig. 8 for several sample types alhelectric losses of the organic solvents used in these samples
cavity geometry. It can be seen that by placing the sampieevents the sample from heating up during this strong EM
at the minimum of the electric field and at the maximum dfulse.
the magnetic field, the dielectric losses are minimized and b) Phase shifter without lossesthe materials magnetic
magnetic amplification is observed for typical dielectric angroperties and positive:”” can be used with careful con-
magnetic properties of 4 in LC. struction as a phase shifter, which prevents losses almost
3) Pumping Power:We are currently dealing with a phe-completely.
nomenon with a lifetime of the order of 1@s at room
temperature. There is inherent uneconomical energy balance
of pumping in optical frequencies and receiving microwave
output. Also, the relatively short lifetime of the excited levels, Based on the selective spin population due to light ex-
before falling back to ground state cause the needed opticahtion, we have presented a new approach for a possible
power for CW operation to be on the order of kilowatts foconstruction of a room-temperature optically pumped solid-
a sample of less than 0.07 &mThis implies that for CW state maser amplifying devices. We have demonstrated this
operation, an intensive cooling must be added to the systgmssibility theoretically on g molecules dissolved in LC.
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This device may be operated at room temperatures in pufsg
mode to amplify microwave pulses up to about ;i9{ong

. : L . [24]
mmavay@mmsewmmmwmamMHomemwoMm@d
today via cryogenic cooling. The device may also sustain
low-noise temperature at frequencies above 10 GHz, whdfe!
today’s cryogenic solid-state amplifiers becomes noisier. Othgg)
materials, such as+ molecules dissolved in LC or Porphyrin
H, tetraphenyl porphyrin free base {HPP), dissolved in
either LC or toluene [7], [20], are currently under investigatiops]
and may prove an even better active materials (in terms of syl
selectivity and excited state lifetime). Further applications of
the investigated phenomenon have also been presented. [30]
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