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The dc to ac radiation converter is a new device in which a relativistic ionization front directly
converts the static electric field of an array of alternatively biased capacitors into a pulse of tunable
radiation. In a proof-of-principle experiment frequencies between 6 and 21 GHz were generated
with plasma densities in the 3cm 3 range and a capacitor periodi2 9.4 cm. In the present
experiment, short pulses with frequencies between 39 and 84 GHz are generated in a structure with
2d=2 cm. The frequency spectra of these pulses are measured using a diffraction grating. The
spectra are discrete, and their center frequency varies linearly with the gas pressure prior to
ionization(or plasma densidy as expected from theory. Their relative spectral width is around 18%,
consistent with the expected number of cydlgi®) contained in the pulses. An upper limit of 750
psec(bandwidth detection limiteds placed on the pulses length. The emitted frequency increases
from 53 to 93 GHz when the capacitors are connected by pair to obtain a effective array period of
4 cm. © 1998 American Institute of Physids$$1070-664X98)92405-3

I. INTRODUCTION (a0 that exits the plasma is similar to the waveform of the
static(dc) electric field, we refer to this device as a dc to ac

TVIVO classes fm; r_adlatlodn S0 urcr(]e_s r:lave proveg /to 2? E’ﬁ%adiation Converter or DARC source. The energy carried by
tremely successiul In producing high-power and/or Nigh-pe gy pulse is taken from the electrostatic energy of the
frequency radiation. The first class uses emission from fre

I %apa(:ltor array. The laser pulse energy is used for the ion-
electron be‘f"ms to produce electromagnégiod) 'rad|at|on ization of the working gas only. The frequency of the EM
from the microwave frequency range to the infrar¢R) : 2 : .

pulse is tunable by adjusting either the plasma der(sity,
(klystrons, gyrotrons, free electron lasers, masersand

even vacuum ultravioletvUV) (synchrotrons The second thzx\i’ﬁrgn?ngar?nggels:ut:]eepr:ﬁ;éOC'::Itz):t)gr;h;z:e ?p?;:;fgre d
class uses transitions between atomic or molecular states fg 9d. 'np PIe, P P y

produce EM radiation from IR to the VU\lasers. Re- or a specific application by modulating the distance between

cently, alternate sources that directly convert static eIectri(Ehdgf c:;x_pac[[tr(]) rs alﬁng the alr_r&dﬁreiquencz chlrpln.g and byl
fields into EM radiation have been successfully tested irf@usting the voltage applied 1o eac gapac(ltampora
vacuum devicésand in photoswitched semiconductdrs shape. The numb_er of pycles of radiation is equa_l to half the
addition, laser-produced ionization fronts have been used tBumber of capacitors in the array, and the dewcg can pro-
upshift the frequency of an existing radiation sodrtem  duce very shorifew cycleg EM pulses. By choosing the

35 GHz to more than 150 GHz by a mechanism described a&2Pacitor periodd and the appropriate plasma density the
phase modulation in a time-varying medidmor photon device can be operated from the microwave to the IR or
acceleratior?. teraherz frequency range. Applications for a high-power,

In the new devicé, the radiation is produced through tunable, ultrashort pulse source ranges from ananpe rgdar
conversion of the statica{;=0) electric field from an array an_d remote sensing to_ultr_afast _chemlcal_and b|plog|ca| im-
of alternatively biased capacitors of period @vave number ~ 29ing, ultrafast interaction in solids, atomic physics, etc.
ko=/d) by a laser-produced, underdense, relativistic ion- Beside the EM mode excited in the plasma that is the
ization front. Each time the front crosses a capacitor it trigmain focus of this paper, a zero-frequency magnetic mode,
gers a burst of current and, consequently, a burst of broadh€ free-streaming or picket-fence mode, is theorized to be
band radiation. The bursts from each capacitor sungXcited. This mode has never been observed experimentally,
coherently with a phase determined by the front velocity todnd should be observable in the DARC source. Also a small
produce an EM radiation pulse in the plasma with a particufraction of the energy is reflected at a very high-frequency

lar frequency and propagation direction. Since the wave traif@r=477koC) since it experiences a double Doppler fre-
quency upshift upon reflection off the relativisticy(

>1000) ionization front.

*Paper qThpl2-4 Bull. Am. Phys. Sod2, 2062(1997.

"Invited speaker. This paper reviews .the thgc?r)(Sec. [) and the first
dElectronic mail: muggli@ee.ucla.edu experimental resulfsobtained with a DARC source with
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IOHIZEltIOH FYOHt FIG. 2. Dispersion curveo-k diagram for the different modes existing in

the DARC source. The modes excited at the ionization front are the tunable
radiation (T;), the plasma moded,, T;), the free-streaming mod€éry),

and the reflected waveR]). Their frequencies and wave numbers can be
obtained from this diagram.

FIG. 1. Geometry of the DARC source. The static electric field of the
capacitor array(E, ahead of the ionizing laser pujsé converted into
frequency tunable radiation upon transmission through the ionization front
In this diagram(macrostructurg the radiation pulséabeledT,) follows the
ionization front. The other modes excited at the boundary are the reflected
mode R), two plasma modeéT, andT3), and the free-streaming mode or

the picket-fence modeT). is the primary subject of this paper. In the plasma it satisfies

the usual dispersion relation:’ 2= wj .+ kyc?; wpeis a Lo-
renz invariant. Transforming back into the laboratory frame
=4.7 cm which produced radiation between 6 and 21 GHzhe frequency of the EM wave that exits the plasma is given
(Sec. Ill A). Section Il B describes new experimental resultsby?

obtained with a Ka-band deviced€ 1 cm) that illustrate 2\ 12

unique features of the device, including the production of w=y2Kov 1__‘"%2) } (1)
ultrashort microwave pulses{(750 psec) and broad tunabil- yikovt

ity (e.g., 39-84 GHg v_vith relgtively narrow bandwidth Wheno'> wpe, namelwa>w§e/kovf, Eq. (1) can be ap-
spectrum &18%), consistent with the number of cycles ex- proximated by
pected in the pulsésix). Other DARC sources that will be

tested in the near future are described in Sec. IV. A summary Kov't wﬁe
. . w=——+ .
is given in Sec. V. 2 2kgu¢

Ut
1— —
c

@

Il. THEORY For a given plasma density Eq2) has a minimum for

' Ko,min=wpelvs . Structures withky>Kkg i, are called micro-

The geometry of the DARC source is shown in Fig. 1. Instructures. Structures witky<Kg y;n are called macrostruc-

a simple one-dimension#él-D) description the electric field tures and are used in the experiments described in this paper.
between the alternatively biased capacitor plates is of th€or a giverky, frequency tuning is achieved by changing the
form E=E, sin(kyX)y, whereky,=7/d andd is the distance plasma densityEqg. (2)], i.e., the neutral gas density prior to
between adjacent capacitofsee Fig. 1 The structure is ionization. The frequency produced by the DARC source
filled with a working gas and an ionization front is created byvaries linearly with the plasma density.
a short laser pulsér, <d/c, c the speed of lighttraveling The frequency of the transmitted EM wave can also be
through the structure from left to right. The velocity of the obtained in the laboratory frame from the continuity of the
ionization frontw; is equal to the group velocity of the laser phase of the different waves at the moving boundanyiza-
pulse (of frequency w ) in the ionized gas:vi=c(1 tion front). The phase of the “incident wave” is given by
—wiJ ), wherew),=n.e’/eom is the plasma frequency —Kkox (static field,wo=0), while the phase of the transmitted
in the plasma of density, left behind the ionization front. In  wave is given bywt—kx, wherew andk satisfy wzzw;‘;e
generalw; > w,e, vi=C, and the front’s relativistic factor is +k?c?. Equating the phases &t vt and substituting fok
large yi=(1-v%/c?)¥=w /w,e>1. To derive the fre- gives the result in E¢1). Dispersion curves for the modes at
qguency of the radiation generatd&M wave transmitted play in the DARC source are plotted in Fig. 2 for the mac-
through the front into the plasmaconsider the situation in a rostructure case. The frequency and wave number of the
frame moving with the ionization front. The Lorenz trans- transmitted mode are obtained from the intersectiabeled
formed electrostatic field of the capacitor array approximated; in Fig. 2) of the EM wave in the plasma with the straight
an electromagnetic wavey {=c) with frequencyw’=kyv; line of slopew/k=uv; passing byk= —k,. The EM mode is
=koc and By=Ey/vs=E(/c (the primed quantities are in generated with positive phase and group velocities, which
the front’s frame. In the front's frame the EM wave of fre- indicates that the EM pulse follows the ionization fromf (
guencyw’ = y;kqu; is incident in the—x direction upon the >0) and exits the source on the same side as the laser pulse
ionization front which is static at=0, and gives rise to a exits. Since the actual electric field generated by the capaci-
reflected waveémoving in the+ x direction), and to a trans- tors has ax component2-D field), coupling to electrostatic
mitted wave(moving in the —x direction into the plasma. plasma modeglabeled T, and T5 in Fig. 2) also occurs.
All these EM waves are at the same frequeacy The EM  Assuming that the electron—ion pairs are created at rest by
wave transmitted into the plasma is the tunable radiation thahe ionization proces§.e., j=0 andp=0 at the boundary
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the free-streaming or picket-fence mode, is also excited. It W= — TIES, )

x=uv;t), a fourth plasma modéabeledT, in Fig. 2), called 1 [eq NwA
2 % 1)

consists of a staticf;=0) magnetic field, perpendicular to
the capacitors electric field, with a direction alternating inwhere A is the spot area of the ionizing laser pulse
space with the same periodicityl2s the static electric field (A<aXxb the waveguide cross anearhe output power is
(see Fig. 1 This mode is sustained by the steady currentgiven by

flowing between the capacitor plates. In the case where
. . . . Wo 1 €p
<k, the static electric field of the capacitor array can be p_ . =——=_- +/— AT?EZ. (6)
out N 2 1~=0
expanded &s m Mo
- . The efficiency of the devicey, defined as the ratio of the
E-Y (—1)"2koVo i(2n+ Lkox energy in the output pulse to the electrostatic energy stored
Y=o m sinh[2n+1]kyb/2) in the ionized volume, is given by
x cosh[2n+1]koy), 1 ke
[ Tkoy) 3) n=5—T @)
" w
|(_1)n2k0V0 : i ici
E,= 2 : el (2n+1)kox For large upshifiw>kqc, T1~1), the efficiency tends to-
=0 7 sinh([2n+1]kob/2) ward n~\/d~4kjc?/ w3. The energy of the laser pulse is
x sinh([2n+ 1]kqY) not included in%. The above analysis is valid only for sharp

fronts[i.e., front spatial extend much less thayfko) ~*]. A
where the origin is placed in the middle of one of the capaci-WKB analysis shows that the results for the transmitted
tors, andV, is the total voltage applied to the capacitors. mode remain the same for continuous frdhfhe sharpness
Near the axis, the first tertm=0, amplitudeE,) in the sum  of the ionization front depends on the ionizing laser pulse
is approximately equal t&,/b, is always the largest by a length and on the ionizing process.
factor 3 or more, and is the only one retained in the follow-
ing analysis. To ensure the continuity of the fields every-
where along the boundary, all the modes are assumed to hallé EXPERIMENTAL RESULTS
the same spatial characteristics as the static fietfl (3)]. A Large structure
The sinh and cosh terms Fourier decompose into an infinite . )
number ofk, components, and because of the dispersion The large structure consists 01=12 capacitorsa
relation for the transverse mode®?= w2,+kic?+k3c?), =41 cm wide withb=1.5cm,d=4.7 cm, and the gap be-
eachk, component would lead to a differemtandk, . How- ~ tWeen capacitors ia=0.6 cm. The working gas is azulene
ever, for large upshift gpe>koC) the kscz term (of order (C8H10_, _|on|za_t|on po_tentlal 7.42 e_zNand azulene vapor of a
k(z)cz) in the dispersion relation can be neglected, and thdew m|II|torrso is obtained by §ub_llma_1t|on of azulene crystals
transmitted mode can be considered as having a single fré&ound 100 °C. Two photon ionization by a 50 psec, 30 mJ,
quency. To obtain the amplitudes of the fields for the five8 MM in diameter ultraviolet )(LZZGP nm) Iasezr plﬂlgse
modes R,T;,T,,T3,To) the boundary conditions for the Yi€lds to plasma densities |n_the><1.01 to 5x 102 cm .
fields have to be solved in the front's frame and the result§@nge. For a fixed laser pulse intensity, the plasma density is
transformed back into the laboratory frame. For a large up€*Pected to be linearly proportional to the initial azulene
shift (wpe/koc>1) and a relativistic ionization fronty ~ VaPOr pressure. The plasma densilyis calibrated versus

=c) they are approximated by the. azulene vapor preSSL(rfer' a fixed laser pulse 'intensbty
by interferometry at 60 GHz in a Q-band waveguide vacuum
T1=1+2(koC/wpe)?, system. The calibration is 510" cm™3¥mT of azulene
with 30 mJ of UV energy. A dc high voltagédV) between
To=—koCl2wpe(1+2KoClwpe), 300 and 1000 V is applied to the capacitors. With these
experimental parameters, EH@) predicts that frequencies in
T3=—KkoCl2wpeX (1+2koC/ wpe), (4 the 10 GHz range should be produced. At these frequencies
T=-1 the capacitor array dimensioiia andb) are comparable to

the wavelengths of the radiation generatad=@ cm). The
RE(pre/%ﬁfkoC)z- waveguide effect of the array can be taken into account in
Eqg. (2) [or Eq. (1)] by assuming that only one TE mode
Thus the amplitude of the electric field of the transmitted EMpropagates in the structure:
wave is approximately equal to that of the static electric field K 2
Ey of the capacitors T;=1). Note thatTs is defined as 0= ovf | @emn  “pe
cBs/Eqy. With an array ofN capacitors the output pulse is 2 2kovs  2Koug
N/2 cycles long, i.e., its time duration is=N#/w, and its
bandwidth scales asw/w=~2/N and depends on the particu- = oY
lar pulse shape. Assuming that the plasma completely shields 0
the capacitors field, the energy carried by the output pulse iwhere ¢ m,= c[(n27/a)?+ (m2#/b)?]*? is the cutoff fre-
given by quency for the TE, mode in the waveguide of transverse

2

(K§C?+ wf mn+ w3e), 8
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FIG. 3. Frequency generated by the large DARC sourbe4.7 cm), as FIG. 4. Intensity of the microwave signal as a function of the applied volt-
measured with the cutoff waveguide technique versus plasma density. ThegeV,, detected by an X-band diode at an azulene pressure of 1nnT (
experimental points are obtained with detection systems in the X-fland =1.10"2 cm™3), corresponding to a frequency of around 10 Giee Fig.
=6.560 GHz, circlg Ku-band (f.=9.490 GHz, squaje K-band (f. 3). The line is the best fit to 8= V3 dependency predicted by E().
=14.080 GHz, triangle and Ka-band(f.=21.100 GHz, diamond The

line dashed is the plasma frequency and the continuous line is the frequency

expected from the DARC source according to E).for the TE;, mode. . .
P gto & 10 a function of the dc applied voltage and follows l‘Mé (Vo

=E,-b) dependency predicted by E@). Calibration of the

. . ) microwave diode leads to maximum power levels of a few
dimensionsa andb. The waveguide slows down the wave pyndred milliwatts. Equatio6) predicts power levels of a

generated and increases its frequeiy a given plasma ey hundred watts for the maximum applied voltage. Cold
dens|ty6, in agreement with the general frequency upshiftingiest measurements indicate that the output coupling effi-
theory.” Experimentally, the frequency is measured using th&;jency of the structure is of the order ef30 dB or less and

cutoff waveguide technique. Starting from zero azulene presgo1d account for the low output power levels measured in
sure, the laser is fired while observing the signal on a microg,e experiment.

wave diode placed after a section of waveguide, and a horn,
all in a given band. For pressurémnd thus plasma densities B- Ka-band structure

such that the frequency generated is lower than the cutoff | the Ka-band structure, the capacitor array consists of
frequency €;) of the fundamental Tfs mode of the rectan- N=12 capacitors with a periodi=1cm. The capacitor
gular waveguide, no signal is observed. When the pressuigiates are separated Iy=0.3556 cm and ara=2b wide
gives rise to a frequency approximately equal to the CUtOf{?:ig. 5). The side walls are kept continuous along the struc-
frequency, an onset of the signal is observed on the microgre and thea and b dimensions correspond to those of a
wave diode as a function of the gas pressure. The signaia-band waveguide. All the dc breaks ate=0.0635 cm
reaches a plateau for slightly higher pressures. Figure @ide in order to minimize HV breakdown. Pulsed H¥300
shows the plasma densities at which the signal onset hass full width at half-maximum, up to 6 kV peak voltagis
been observed on the X-, Ku-, K-, and Ka-band diodes. Alsgpplied alternatively to the top or bottom plate of the capaci-
plotted are the plasma frequency and the frequency expectggrs, while the other plate and the continuous side wall are
from the DARC source according to E(B), assuming the kept at ground potential. The working gas is TMAEetrak-
radiation propagates in the JEmode. The three lower fre- js(dimethylamingethylene or GgH,4N,, ionization potential
quency data points are in good agreement with the theorg 36 e\] an organic liquid that is ionized through two-
[Eq. (8)]. Azulene is an organic molecule and the absorbeghhoton photoionization by the 266 nm laser pulde68 eV

UV photons may not necessarily lead to the ionization of thephotons. The TMAE has a relatively high vapor pressure at

molecule. This translates into a relatively Iarge photon ab'room temperaturébo”ing point 59‘) and no energy dep|e_

sorption (>10% over a 60 cm length at 1 mTbut corre-

sponds to a small fractional ionizatior<(L.5%). At a pres-

sure of 5 mT, corresponding to the onset of the highest d=1 cm —|

frequency data point on Fig. 3, only 10% of the incident UV b=0.3556 cm =0.0635 cm

energy is transmitted through the structure. The plasma den~

sity decreases along the structure, and is on average lowe '

than that expected from the calibration. As a result the mea- T

sured frequency is lower than that predicted by @g. Error

bars in Fig. 3 correspond to the pressure range over which a=2b

the onset occurred. Figure 3 demonstrates that with this _ _

DARC source continuously tunable radiation between 6 and'C: 5 Schematic of the capacitor array that forms the slotted Ka-band
. . waveguide, and its relevant dimensions. Only six capacitors are shown; the

21 GHz can be prodchdThe amplitude of the signal de- real structure habl=12 capacitors. The side wall of the waveguide is kept

tected by an X-band microwave diode is plotted in Fig. 4 asontinuous, whereas the top and bottom walls are cut into capacitor plates.
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FIG. 6. Experimental setup for the frequency spectra measurements aboy§g. 7. The microwave signal detected by the microwave diode observed on

30 GHz. The angle between the emitting horn and the receiving hom is kep§ 1.GHz bandwidth oscilloscope. The FWHM is about 750 ps and is detec-

constant while the grating is rotated. tion bandwidth limited.Pryae=14 mT, Vo=5.3 KV, =65 GHz, N=12;
theory predicts that the pulse duration should¢/ w=93 ps.

tion of the UV laser beam has been observed at pressures up
to 1 Torr. The voltage the structure can withstand without7 5° incidence angle The full width at half-maximum

breakdown decreases with increasing TMAE pressure angeywHM) of the signal is 750 psec, and is bandwidth limited
ultimately limits the frequencie$Eq. (8)] and powers  py the RC time constant of the microwave diode, cable, and
(=V§) reachable in this experiment. According to H8)  oscilloscope(=1 GHz bandwidth At this TMAE pressure
frequencies above the Ka-band cutoff freque(®@y.10 GH2  (p,,,,=14 mT), the pulse center frequency is expected to
can be generated with plasma densities higher thaRe about 65 GHZsee Fig. 1D with a pulsewidth ofmN/w
1.551.55¢10'* cm™® (assuming propagation in the TE =93 psec.(Similar signals were obtained over the whole
rectangular mode The frequency spectrum of the radiation frequency range of Fig. 10To our knowledge these are the
generated with a given plasma density is measured using shortest pulses in this frequency rafigéigure 8 shows the
microwave grating consisting of 50 6.64-mm grooves andrequency spectrum of the radiation measured at TMAE
blazed with a 30° angle. The incident wavesipolarized  pressures of 2, 5, and 24 mT, leading to center frequencies of
and the signal is observed in the=—1 orm=—2 reflec- 39 and 53,(observed in then=—1 orde), and 84 GHz
tion orders. For a grating with a blazing angle of 26°4fhe  (observed in then= — 2 orde), respectively. These spectra
reflection efficiency is strongly reducktbr mx/d<0.7,i.e.,  are discrete and their relative spectral widte/« defined

for frequencies larger than 64.5 GHz in the=—1 order a5 the ratio of the FWHM to their center frequency, together

with a groove spacing of 6.64 mm. Thus in this experimentyith the width of spectra obtained at 8 and 12 mfot
(blazing angle of 30° frequencies above 60 GHz are ob-

served in them=—2 order. A waveguide and detection di-

ode with the appropriate cutoff frequency are used to ensure 1.2
that the signals observed at large incidence angle are reallyE
second-order reflections. The angle between the emitting ancs 1r

the receiving horn is kept constafit5°) while the grating is e

rotated to acquire the frequency spectr(sre Fig. 6. The § 0.8 i i
microwave signal is detected using a DXP-22 millit®at- ;8, 0.6 L |
ode (Q-band and a 1 GHz bandwidth scope or digitizer = I

connected to a computer-controlled data acquisition system.?é 0.4 - ,
The spectrum is constructed from multiple shots taken até -

different angles of incidence on the grating. Cold test mea-g 0.2 - ]

surements with a Ka-band frequency sweeper show that the
resolution of the frequency measurement system is 4 GHz 0
between 26.5 and 40 GHz. This value is in agreement with
the value obtained from the grating equatiarf/@8) times
the equivalent horns/grating collection angled=6°). The FIG. 8. Frequency spectra obtained at 2 (ni.fcles and Iong-dgsh |it)e_5
resolution can thus be calculated for larger incident frequen?! T (Squares and short-dash fjnand 24 mTitriangles and continuous line

) ] . ) of TMAE pressure. The lines are added to guide the eyes. The spectra are
cies for which no cold test is performed and is found to beobtained by observing the signal reflected in the —1 (2 and 5 m7 and
around 12 GHz at 60 GHz. Note that observing higher fre-m=—2 order(24 mT) of a microwave grating with 50 6.64-mm grooves

quencies in thean= —2 order preserves the good resolution blazed with a 30° angle. The spectra are normalized to their peak value. The
<100 center frequencies are 39, 53, and 84 GHz, and their respective FWHM are
(Af/f. 104) measured Up.to 40 GHZ'_ 7.0 GHz (18%), 10.9 GHz(20%), and 19.6 GHz(23%). The frequency
Figure 7 shows the microwave signal when reflectedesoiytion is about 4 GHz or 10% between 26 and 40 GHz both in the first

from the back of the gratin¢acting as a plane mirror with a and second reflection order.

20 40 60 80 100 120
Frequency (GHz)
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FIG. 9. Relative spectral width of the spectra measured at different TMAEFIG. 11. Frequency spectra obtained with the 12 capacitors connected al-
pressures 2, 5, 8, 12, and 24 mT versus the spectra central frequency. Tternatively, i.e., with a period @ and N/2=6 cycles(circles, continuous
continuous line is the value expected for a pulse wiil2=6 cycles: line), and with the capacitors connected by pairs, i.e., with an effective
Aw/w=2/N=15%. period 40 andN/2=3 cycles(diamonds, dashed lineThe lines are added

to guide the eyes. The center frequencies are 53 and 93 GHz, and the

FWHM are 8 GHz(15%) and 21 GHz(23%), respectively.
shown), is plotted on Fig. 9. The relative spectral widths are
consistent with the expected width Nf2=6 cycles pulses:
Awl/o=2/N=15%. The shape and the width of the fre- factor obtained was 4.6810'* cm™*/mT of TMAE. The dis-
quency spectrdsee Fig. 8 and thus the time shape of the crepancy between these two numbers is not understood at
pulses are affected by the frequency-dependent distributd®is point but will be further investigated. The fit on Fig. 10
losses introduced by the dc breaks. The frequency versugosses th&®yae=0 axis at a frequency of 39 GHz instead
TMAE pressure as measured with the grating system and @f the 22.31 GHz obtained from E¢p) for the TE, mode
cutoff wave guide is plotted in Fig. 10. An estimate for the With wpe=0. Interferometry traces d&ryae=0 indicate the
plasma densities necessary to produce the observed frequeifeation of a plasma density arounek20'? cm2, probably
cies is obtained from the best linear fit of Fig. 10 and yieldscaused by ionization of the window surface and by laser
a TMAE pressure to plasma density conversion factor offeéam interception along the waveguide walls. According to
7.12< 10" cm~3mT of TMAE, corresponding to an ioniza- Ed- (8) the plasma density necessary to generate 39 GHz
tion fraction around 2%. The plasma density was measuretgdiation is about & 102 cm™2,
for the same laser intensity in a U-band waveguide interfer- ~ The frequency of the radiation produced by the DARC

ometer at 60 GHz described in Ref. 3, and the conversio§ource can be changed, for a given plasma density, by chang-
ing the capacitor array periolEqg. (8)]. In the experiment

this is achieved by electrically connecting the capacitors by
pairs, i.e., changingl into 2d. The frequency spectra mea-
sured with the & and 4d periods are plotted in Fig. 11. The
center frequencies are 5th&—1) and 93 GHz (h=-2), in
good agreement with the results of Fig. 10 and @&j. A 7

cm long section of W-band waveguidé.&59.010 GHz) is
used to ensure that the high-frequency signal is imike—2
reflection order of the grating. The high-frequency spectrum
is broader than the low-frequency spectrum, but is narrower
than expected for thBl/2=3 cycles signal.

100 —

80 |

Frequency (GHz)

207 j Figure 12 shows the microwave signal measured at
I ] Prvae=15mT, as a function of the applied voltage. The
0 P N T T RS S SR NN T S NN S SR RSN S St - ~ 2 ~ . .
0 P 10 s 0 »s 30 signal follows theP~Vg (Vo=Eq-b) dependency predicted

TMAE Pressure (mT) by Eqg. (6). The diod_e is calibrated with acw microwave
signal at the appropriate frequency. Assuming that for pulses
FIG. 10. Frequency versus TMAE pressure as measured with the gratingf duration shorter than that given by the detection system

arrangementopen circleg and with the cutoff waveguide methdélled : : : :
circle). The error bars correspond to the measured FWHM and to the rang(te)(’imdedth(Corr(_:‘Spor]dlng to 750 psec, see F@.tt?e diode

over signal onset was observed. The spectra are observed m=thel prOduces S|gnals proportlonal to the pL'Ise energy, and as-
order of the grating at 2, 5, and 8 mT, and in the: —2 order of the grating  SUMIng that the actual pulse duration is that of a six-cycle
at 12 and 24 mT. The line shows the best linear fit to these data points andulse at the frequency inferred from the TMAE pressisee
corresponds to a plasma density of AWM cm ¥mT of TMAE. The Fig. 10, an estimate of the output power level can be ob-

triangle atPryag=0 corresponds to the frequency value obtained from Eq., . . . .
(8) with d=1cm, w2,=0, and for the TE, mode. Also shown, the fre- tained from the diode signals. Such an estimate places the

quency that would be obtained if the plasma frequency followed the 4.6dMaximum signals Obs_erved with this structure in the 100
X 10" cm™3/mT of TMAE calibration(dashed ling mW range for an applied voltage of 5 kV.
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50 . . . . — power of this device should thus be much higher than that of
the previous devices. This DARC source will be tested in the

S 40t - near future.
g Equationg(1) or (2) indicate that a DARC source with a
B 30l periodd of 330 um produces teraherz radiation with plasma
= densities in the 7 cm 2 range. Such a device has been
s 20| | built and will be operated in the 5—26m wavelength range.
g The plasma density required to produce those short wave-
5 lengths will be obtained through field ionization of nitrogen
= 1or or xenon by a high-intensity femtosecond laser pulse.

0

V. SUMMARY AND CONCLUSIONS

Pulsed Applied Voltage (kV) The DARC source is a new device in which the static
FIG. 12. Microwave signal as a function of the applied voltage at e!ectric field of an array of alterna'gively biased capacitors is
Prmae=15 mT corresponding to a frequency of around 65 GHz. The line isd'reCtIy converted into EM radiation by a laser-produced
the best fit to &P V3 dependency predicted by E(). relativistic ionization front. The results presented in this pa-
per show that microwaves between 6 and 21 GHz and 39 and
93 GHz are produced with two devices with capacitor spac-
IV. OTHER DARC SOURCES ing in the centimeter rang@=4.7 and 1.0 cm, periodd®
and plasma densities in the #9103 cm™3 range. The ra-
When operated in the microwave frequency range, theiliation frequency can be tuned either by adjusting the plasma
capacitor array has to act as a waveguide with acceptabligensity(i.e., gas pressure prior to ionizatjoor the distance
transmission characteristics. The sources that were tested gobetween the capacitors. The pulses frequency spectra are
far (see previous paragrapéxhibit relatively poor transmis-  discrete with a center frequency that varies linearly with the
sion characteristics in cold tests, which probably accounts foplasma density, and with a relative FWHM around 18%,
the relatively low power signals measured. The dc breaks ofonsistent with their expected number of cycld#2=6, N
the capacitor array perturb the wall current necessary for thg the number of capacitors in the aryayrhe pulses are
free propagation of the waveguide modes. These structurespected to be extremely shdr200 psec above 30 GHz,
are essentially capacitor arrays supporting microwave propa<a-band sourcge and an upper bound to their width is ex-
gation. In order to improve the microwave characteristics ofperimentally placed at 750 psédetection bandwidth lim-
the DARC source, and to take full advantage of the potentiaited). The amplitude of the measured signals follows We
high output power of the scheme, a source in the X-bandependencyV, voltage applied to the capacitonsredicted
(Fig. 13 has been designed in which the capacitor plates arpy theory, but their power level remains lower than expected
replaced by pins inserted in the waveguide through smallin the 100 mW range up t¥,=>5 kV). Cold test measure-
hole in its narrow side wall. Cold test results indicate that thements show that the cut in the waveguide necessary for the
transmission characteristics of this device are those of a plaisapacitor array introduces an insertion loss of around
waveguide, except for stopbands created by the pins periodic 30 dB between 26.5 and 40 GHKa-band that certainly
structure. For example, the distance between the pins can k@ntributes to the low observed powers. Expresgionis
chosen such that the first stopband appears outside of therive from a plane wave propagation theory. However, in
X-band frequency range8.20-12.40 GHg Calculations of  the microwave frequency range the excitation and propaga-
the electric field pattern inside the waveguide show that theion of the generated radiation should take into account the
stored energy available for conversion into EM radiation ischaracteristics of the supporting struct@taaveguide”). A
only a factor of 3 smaller than in the plate case. The outpuhew structure has been built in an X-band waveguide that
exhibits no insertion loss between the narrow stopbands in-
troduced by the periodic pins that act as capacitor plates. The
a=1.016 cm issue of the power effectively produced by the DARC source
i and coupled to a waveguide mode will be better addressed
! A A with that structur'e. The range of frequencies generated by the
b — A DARC source will be extended to the terahertz range with a
: 070 < ,_/$ structure with a capacitor spacing of 3a0n and a plasma
D density around 1 cm3. Experiments are conducted to de-
'9&6 tect the never observed free-streaming or picket-fence mode,
C‘o] a zero-frequency magnetic mode that is theoretically excited
p=0.635 cm in the DARC source.
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