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Abstract
The work reports the achievement of an energy content of 10 J per microsecond pulse in a directed flux of electromag-
netic radiation in the frequency range of ~ 0.2—0.3 THz. The flux is generated by a fundamentally new method, which
is realized through the pumping of upper-hybrid plasma oscillations in a magnetized plasma column with a relativistic
electron beam (REB) and their subsequent transformation into a flux of electromagnetic radiation. In the described ex-
periments at the GOL-PET facility, this method to generate THz radiation is implemented in the following way a beam
of electrons with energy E ~ 0.5 MeV with a current density of (1-2) kA/cm?2 is passing through a magnetized (4 T)
plasma column with a density of 10'*~10'> cm™. By comparing the experimentally measured spectral composition of
the radiation flux with the calculated spectrum, it is proved that this process is realized through resonant pumping of the
branch of upper-hybrid plasma waves by such beam. A coordinated increase in plasma density and beam current density
opens up the prospect of advancement in the generation of multi-megawatt radiation fluxes in the region of one terahertz.
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Annomayus
B crarbe coobaercs o goctikeHnn sHeprocoaepkanust 10 [k B MUKPOCEKyHIHOM HMITYJIbCE HAaIPaBJISHHOTO OTOKA
AJIEKTPOMArHUTHOTO U3y4YeHus B quanazone yactot ~0,2—0,3 TI'u. ['eneparyst ocymecTBiseTcs IpUHIUITHAIBLHO HO-
BBIM METOJIOM, KOTOPBIH PEeaIN3yeTcst 32 CUeT HAKAYKH BEPXHETHOPH/THBIX IIa3MEHHBIX KOJeOaHUi B 3aMarHMYeHHOM
IUIa3MEHHOM CTOJIOE TIPH ITOMOIIM PENISITHBUCTCKOTO 3eKTpoHHOro my4ka (POIT) n mocnenyromero npeodpa3oBaHus
9TUX KOJEeOaHWH B MOTOK JIEKTPOMArHUTHOTO W3JIy4eHHs. B 4acTHOCTH, B ONMHCHIBAEMBIX DKCIEPUMEHTAX, MPOBO-
numbix Ha ycrtaHoBke ['OJI-IIDT, naHHBI METON peann30BaH CIACIYIOUIMM 00pa3oM: IMyUYOK 3JIEKTPOHOB C SHEPrHen
E ~0,5 M5B u miorHocTho TOKa (1-2) KA/cM? IPOXOAUT Yepe3 cTonb 3amarHudeHHoi (4 Tir) mia3Mbl MIOTHOCTHEO
10-10' cM3. B X0/1e CpaBHEHHS CLIEKTPAJIBLHOTO COCTaBa U3IyUCHHS, H3MEPEHHOTO SKCIIEPUMEHTAIBHO, C PACYETHBIM
CHEKTPOM JIOKa3aHO, YTO 3TOT MPOLECC peau3yeTcs 3a CUeT PE30HAHCHON HaKayKKM TaKHM ITy4KOM BETBH BEPXHEIH-
OpHIHBIX IUIa3MEHHBIX KoneOanuit. TakuM 00pa3oM, OJHOBPEMEHHOE yBEINYEHHE IUIOTHOCTHU IUIa3Mbl U IFIOTHOCTH
TOKA ITy4YKa OTKPBIBAET IMEPCIEKTHBY PAa3BUTHsI FeHEepalli MyJIbTHMETaBaTTHEIX TOTOKOB M3JIyYeHHsI B pailoHe OHOTO
Teparepua.

Kniouesvie cnosa
PEISITUBUCTCKUI 2JIEKTPOHHBIN MyYOK, I1a3Ma, ITy9KOBO-IUIa3MEHHOE B3aNMOJICHCTBHIE, BOJHEI B I1a3me, TT n-usmyde-
HUE, MeTaBaTTHBIH TIOTOK M3JIy4eHHs

QuHancuposanue
YacTb MCCIIeIOBAHMS, TOCBSIICHHAS H3MEPEHHIO CIIEKTPAIbHOM MIIOTHOCTH MOI[HOCTH U3JIy4CHHSI, BHITIOJHEHA 32 CUET
rpanTa Poccniickoro HayaHoro gonpa (mpoekt Ne 19-12-00250-P).

Jns yumuposanus
Arzhannikov A. V., Sinitsky S. L., Samtsov D. A., Kalinin P. V., Popov S. S., Atlukhanov M. G., Sandalov E. S., Stepa-
nov V. D., Kuklin K. N., Makarov M. A. Frequency Spectrum of Radiation Flux Generated by Beam-Plasma System with
Ten Joules Energy Content in Microsecond Pulse // Cubupckuii pusudeckuii sxypaan. 2023. T. 18, oim. 4. C. 79-93.
DOI 10.25205/2541-9447-2023-18-4-79-93

1. Introduction

Mastering methods to generate electromagnetic radiation in the frequency range 0.1-1.5 THz seems
important due to the possibility to use such radiation fluxes in a wide field of practical applications:
high-resolution radar systems, control channels suppression of unmanned aerial vehicles, diagnosis of
diseases and investigation of biomaterials [1], visualization of hidden objects [2], impact on objects
to achieve structural transformations and changes in their functional characteristics [3]. Under these
circumstances, the development and creation of powerful sources of electromagnetic radiation in the
specified frequency range have become one of the priority tasks of modern physics.

In our opinion, one of the promising approaches for solving the problem of generating powerful
radiation fluxes in the frequency range 0.1-0.9 THz is to implement mechanisms of intense beam-
plasma interaction [4] and the transformation of beam-generated plasma waves into electromagnetic
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waves emerging from the plasma. It is the physical mechanisms that were proposed to explain the
bursts of radiation coming from the solar corona [5]. In the case of using electron beams with an energy
of ~ 1 MeV at a current scale of 1-10 kA (see [4]), the power of which reaches the gigawatt level, one
can expect the generation of THz radiation fluxes with a power scale of tens and even hundreds of
MW. Mastering this new method of generating radiation makes it possible to expand significantly the
range of applications of high-power radiation fluxes in the frequency range 0.1—1 THz. It is important
to emphasize that the use of this beam-plasma mechanism in the terahertz spectral region opens up a
unique opportunity to change quickly the frequency in the generated radiation flux of by varying the
plasma density.

Experimental studies in this direction were started at the GOL-3 facility at the Budker Institute
of Nuclear Physics SB RAS, under conditions of injection of a beam of MeV electrons with a current
of 10-15 kA and a duration of 5 ps into a magnetized plasma column [6]. In these experiments on
the relaxation of high-current REB in a plasma with a density of ~1014 cm-3, the laws of radiation
emission in the spectral range 0.1-0.5 THz in the direction perpendicular to the magnetic field in the
plasma were established [6]. In subsequent experiments carried out on the GOL-PET facility, it was
demonstrated that increase of plasma density results in, the emission direction of the radiation flux
switches from perpendicular to the axis of the cylindrical plasma column to the direction along its
axis [7]. Based on the results of these and further studies, the mechanisms of radiation generation
were determined. One of them is the excitation of upper-hybrid plasma oscillations by a beam with
their subsequent transformation into a flow of electromagnetic radiation on plasma density gradients
with the radiation frequency equal to the frequency of this branch of plasma waves [7; §]. Another
mechanism is realized during a nonlinear process in which two upper-hybrid oscillations merge into
one electromagnetic wave with a frequency equal to twice the magnitude of these oscillations [5; 9].
In studies at the GOL-PET facility, the patterns of influence of plasma density gradients on the spectral
composition and power of the THz radiation flux generated during beam-plasma interaction were
established, and a new mechanism for generation at the electron plasma frequency was discovered.
This mechanism states, that in case of regular periodic gradients of plasma density, direct pumping of
a branch of electromagnetic oscillations in the plasma by a beam is possible [10—14].

During experiments at this facility, conditions for the effective extraction of the radiation flux
propagating along the axis of the beam-plasma system from the plasma through the end of the plasma
column into vacuum were found. Moreover, the experiments determined the conditions for the output
of'this flux from the vacuum chamber through a dielectric polymer window into the atmosphere of the
experimental hall [15], where the first series of measurements of the energy content in the radiation
flux with a microsecond pulse duration was carried out [16]. Experiments have shown that the high-
power density in the radiation flux leads to a reduction in the time of its release into the atmosphere
at a level of less than one microsecond, although the generation time in the beam-plasma system
reached 3.5 ps. This phenomenon of shortening the duration of the radiation pulse outgoing in the
atmosphere was explained by an surface RF breakdown development on the vacuum side of the exit
window on the [17]. Our work is devoted to solve the problem of preventing this RF breakdown and
achieving maximum energy content in the flux released into the atmosphere. In addition, to obtain
the possibility of a detailed comparison of the spectrum of the generated radiation with the result of
the theoretical consideration, experiments were carried out on the output of the radiation flux into the
atmosphere when it is obtained under conditions of a plasma column uniform over the cross section.
This comparison of experimental and theoretical results is also given in the text of the article.

2. Experimental facility

The series of experiments presented in the article on the generation of terahertz radiation in
a beam-plasma system was carried out at the Budker Institute of Nuclear Physics SB RAS using
the GOL-PET facility [14—17]. The injection of a beam into a plasma column is realized from the
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U-2 accelerator [18], which uses an accelerating diode of a ribbon configuration under conditions of
isolation of the cathode-anode gap by a magnetic field. This accelerator provides injection of a beam
of electrons with an energy in the range of 0.4-0.8 MeV, an angular divergence of particle velocity of
0.1 rad [19] with a pulse duration of 5 ps. In the experiments described, the current density of the beam
passing through the plasma column had two values: 1 and 2 kA/cm2. The beam was injected into a
plasma column (see fig. 1) with a diameter of 80 mm and a length of 1.2 meters, held in a solenoid
with a corrugated magnetic field with a ratio of the maximum and minimum values of magnetic
induction in the corrugations B ,,/Bmin = 4.5/3.2 T. A set of Rogowski coils is used to measure the
beam current in various cross-sections of the vacuum chamber as it propagates along its axis. The
energy of the beam electrons is determined by measurements of the voltage applied to the accelerator
diode. To measure the plasma density, optical diagnostics are used: a Michelson interferometer at a
wavelength of 10.5 um and a Thomson scattering system at a wavelength of 1.053 pm. [20; 21].

The described experiments on the generation of THz radiation were focused on achieving of the
maximum energy content per pulse in the radiation flux propagating along the facility axis and then
escaping into the atmosphere. In this case, the radiation flux released together with the REB from the
end of the plasma column was captured in a steel pipe. Next, this flux was reflected from a stainless-
steel mirror at an angle of 90° and outgoing into the atmosphere through an output window made of
polymethylpentene (TPX), which transmits submillimeter radiation well [22].

n Ibfl
i A‘a_!ﬂl»'!!@
;_ 1 —

Fig. 1. Schematic drawing of the plasma part of the GOL-PET facility: 1 — electron beam;
2 — magnetic field lines; 3 — Rogowski coil; 4 — Michelson interferometer; 5 — Thomson scattering system;
6 — stainless-steel mirror; 7 — output window
Puc. 1. Cxemaruueckuil yepTex 1a3MeHHol yactu yctaHoBku ['OJI-IIOT:
1 — BIEKTPOHHBIN MYYOK; 2 — CUJIOBBIE IMHUM MarHUTHOTO T0JIs1; 3 — Karyiika Porosckoro;
4 — narepdepomerp MalikenbcoHa; 5 — cHCTEMa TOMCOHOBCKOTO PACCESHUS;, 6 — 3epKaio U3 HEP)KABEIOIICH CTaM;
7 — BBIXOJTHOE OKHO

To record the characteristics of the generated submillimeter radiation flux, detectors based on
Schottky barrier diodes (SBDs) are used, which are supplemented with frequency-selective bandpass
filters. Together, these 8 detectors make up an eight-channel polychromator designed to analyze the
spectral composition of the radiation flux in the frequency range from 0.1 to 0.6 THz [23]. To measure
the energy content in the EM radiation flux, a specialized calorimeter was used, provided to us by
the authors of [24]. The process of measuring radiation energy using a calorimeter is based on the
absorption of electromagnetic radiation energy in a thin-walled cylindrical metal-ceramic shell and
recording changes in its temperature using a large number (about 1000) of thermocouples connected
in series. The sensitivity of the calorimeter, measured at a frequency of about 100 GHz, has a value
of 90 uV/J, which is slightly different from the 70 pV/J measured at a frequency of 10 GHz, which
is indicated in [24]. A description of the measurement procedure and the results of the first series of
measurements of the energy content in a pulsed THz radiation flux are given in [16]. Based on the
above comment on the calorimeter used, it can be assumed that during the experiments, measurements
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of the energy content in the radiation flux in a single pulse are provided with good reliability. Taking
the time dynamics and amplitude of the radiation signals in the polychromator channels during the
generated pulse, we calculate the absolute value of the average power over the duration of the pulse.
To visually indicate the distribution of power density over the cross-section of the radiation flux,
which is important for estimating the fraction of the flux captured in the calorimeter, panels of gas-
discharge neon bulbs are used. A high-frequency discharge occurs in the bulb cavity when the specific
power in the flux exceeds a threshold value, which is estimated at the level (1-2)-104 W/cm2. A
high-frequency discharge that occurs in the cavity of light bulbs evenly distributed over the area of
the panel is accompanied by a bright glow, and the optical image of the glow of these light bulbs,
recorded using an SDU camera, indicates that the specific flux power exceeds the specified threshold
level.

3. Spectral composition of the radiation flux for different plasma density distributions
in the plasma column

Taking into account the occurrence of high-frequency electrical breakdown on the surface of the
vacuum side of the exit window, through which the radiation flux was released into the atmosphere,
to carry out spectral analysis experiments, this window was located at a distance of 180 cm from the
stainless-steel mirror. Polymethylpentene has unchangeable transmittance coefficient for EM radiation

U*e, keV I, KA
S00f |y AW [T 20

U’ Ubeam L
400 115
300 ]beam
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05 0 0.5 1 1.5 2 25
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Fig. 2. Panel of the glowing neon bulbs («) and waveforms of the voltage on the accelerator diode, the beam current
passing through the plasma (b), accompanied by signal received from the frequency-selective channel of an 8-channel
polychromator (c). 1 — the area of the panel without THz flux; 2 — the area of the panel within THz flux; 3 — the hole in the
panel for the polychromator
Puc. 2. TlaHenp cBETSIIMXCS HEOHOBBIX JIAMII (@) M OCHMJLIOIPAMMBI HAIIPSHKEHHST HA YCKOPUTEIEHOM JHOJIE, TOKA ITyuKa,
MPOXOJIAIIEro uepes3 miasmy (b), B CONMPOBOKICHUN CUT'HAIA OT YaCTOTHO-CEJICKTUBHOIO KaHalia 8-KaHAJILHOTO
nonuxpomaropa (c). I — obnacte nanenu BHe cedeHus: T motoka; 2 — obinacTs maHeau BHyTpH ceueHus: T moToka;

3 — OTBEPCTUEC B NMMAHECJIU JIA [1OJAa4H IIOTOKA Ha IOJIUXpoMaTop
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in the studying frequency range. Moreover, this material transmits radiation in the optical region of
the spectrum, which makes it possible to control the occurrence of RF breakdown in the vacuum tube
where the radiation flux propagates and on the surface of this window. In the path of the radiation
flow emerging from the window, a polychromator was installed so that the center of its entrance
was located along the axis of the flux coming from the window. Figure 2 shows oscillograms of the
voltage on the diode, the beam current passing through the plasma column, and the spectral power
density in the frequency range 0.2-0.3 THz, as well as the glow pattern of neon bulbs placed around
the entrance hole of the polychromator. From the presented picture of the flux glow on a panel of neon
bulbs, it can be seen that the entrance hole of the polychromator, which transmits part of the radiation
flux into this device, is localized in the region of maximum radiation power flux density. Moreover,
when carrying out measurements, the results of which are presented in this text, the panel with light
bulbs in a radiation-absorbing screen having a hole gives a fragment of the radiation flux cross section
which with a diameter of 4 cm enters in the operation cavity of the eight-channel polychromator.

This fragment of the flux released in the polychromator operation cavity, having a small angular
divergence, upon further propagation in the form of a directed beam, was distributed along the spectral
channels of this diagnostic device. Each spectral channel has a calibrated attenuating filter at its input
and a detector section with previously measured absolute sensitivity in the spectral range of this
frequency-selective channel. Below we provide a description of the results of measurements of the
spectral composition of the radiation flux under various experimental conditions.

3.1. The case of a homogeneous distribution of plasma density
along the column radius

To carry out the experiments described in this section of the article, such conditions were
implemented for the formation of a plasma column under which good homogeneity of the plasma
density was achieved in the section of its cross section where the electron beam passes. This ensured
the distribution of plasma density along the column axis with minimal possible changes in its value.
This made it possible to compare the radiation characteristics measured in the experiment with the
results of theoretical analysis, since the theoretical consideration of the problem of the radiation
generation spectrum in a beam-plasma system was carried out precisely for this case of plasma density
distribution [12]. The results of plasma density measurements using optical laser diagnostics in the
described series of experiments are shown in Figure 3. These results were obtained by averaging the
recorded signals over a series of 9 shots of the installation under the same experimental conditions.

As one can see in the fig. 3a, which presents the result of measurements using an inter-
ferometer at a wavelength of 10.6 um, the plasma density averaged over the diameter of the
plasma column begins to increase sharply from the starting the REB injection. In the time of
0.7 ps the density reaches a value of 5-10' cm™, then its growth slows down significantly, and
during the subsequent time up to 2 us it can be considered at a constant level of (6£1)-10" cm™.
The radial density distribution measured at a time of 1.2 ps using a Thomson scattering sys-
tem is shown in Figure 3b. The plasma density averaged over the radius of the column was
(7+£0.5)-10 cm™3, which coincides with the interferometer measurement results within the limits of
measurement errors. Considering the fact that these two laser diagnostics, placed in sections of the
column that are located at a distance of 22 cm from each other, give almost the same value of plasma
density, we can assert that the distribution of plasma density along the length of the plasma column
in this section is close to uniform.

Underthese experimental conditions with a plasma columnuniform in cross-section, measurements
were made of the spectral composition of the radiation flux for a given density distribution measured
in the frequency range 0.10-0.40 THz. The result of these measurements is presented in Figure 4.

As can be seen from this figure, in this frequency range the increased spectral density of radiation
is localized in three areas along the frequency axis. The highest power spectral density was recorded
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Fig. 3. Change in time of the mean plasma density over the plasma column diameter, recorded using a Michelson
interferometer at a wavelength of 10.5 pm (a). Plasma density distribution along the column radius in 1.2 ps time from
starting the beam injection measured by a Thomson scattering system at a laser wavelength of 1.053 pm ()

Puc. 3. VI3MeHeHNe BO BpeMEHH 3HAYEHHUS IUNIOTHOCTH IUIa3Mbl, CPEIHEH 10 AnaMeTpy MIa3MEHHOTO CToN0a,
3aperucTpUpOBaHHON ¢ OMOIIbI0 HHTepdhepomerpa MaiikenbcoHa Ha auHe BoiHbI 10,5 MM (a).
Pacnipeznenenue mIoTHOCTH MIIA3MBI 110 PaJUYCy CTOJIOA B MOMEHT BPEMEHH 1,2 MKC OT Hauasia MHKCKIMH Iy4Ka,
M3MEPEHHOE CHCTEMOI TOMCOHOBCKOTO PAacCEsiHUS Ha JUTHHE BOJHBI Jasepa 1,053 mxwm (b)

a) fme
b) F=0,1-0,15 THz

Fig. 4. Spectral power density in the radiation flux generated under conditions of the uniform cross-section of the plasma
column (the result was obtained by averaging the recording results over a series of 9 shots under identical experimental
conditions with a plasma density distribution shown in Fig. 3, b)

Puc. 4. CiextpanbHasi INIOTHOCTh MOIIHOCTH B ITOTOKE M3IIy4EHHs, TEHEPUPYEMOTO B YCIOBUSAX OHOPOIHOTO
TI0 CEYEHHUIO CTOJIOA IIIa3MBbI (PEe3yIbTaT MOIyUYeH YCPEIHCHUEM Pe3ylIbTaTOB PETHCTPALUH 10 CEPUH U3 9 BRICTPEIOB
B OJIMHAKOBBIX YCIIOBHSAX DKCIEPUMEHTA C PacIpeaeIeHHeM INIOTHOCTH IUIa3MBbl, [TOKa3aHHBIM Ha puc. 3, b)
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in the frequency range 0.20-0.25 THz. In this case, a high value of the spectral power density in this
spectral interval is maintained for a time from 0.5 to 2 microseconds. Nevertheless, before the start
of this period of time with generation in the frequency range 0.20-0.25 THz, there are short (lasting
up to 0.5 ps) bursts of radiation at frequencies 0.12 THz and 0.16 THz with an amplitude comparable
to the maximum in the first interval. At higher frequencies relative to the main frequency interval, an
increased level of spectral density is observed only in the vicinity of the frequency 0.32 THz, and this
increase has an amplitude an order of magnitude lower than the power spectral density in the main
radiation peak, localized in the interval 0.20-025 THz. We will analyze the distribution of the spectral
power density by frequency observed in the experiment within the framework of the theoretical model
we have developed under the conditions of the measured experimental parameters.

We associate the relatively high spectral power density in the vicinity of the frequency
f.=0.12 GHz with the movement of electrons along individual cyclotron orbits in a magnetic field
with an induction in the vicinity of 4 Tesla. The plasma density of 6-10'* cm sets the frequency of
Langmuir oscillations f, = 0.22 THz. Taking into account the indicated value of the cyclotron frequency,
based on the frequency of Langmuir oscillations, it is possible to calculate the cutoff frequency in

the spectrum of upper-hybrid plasma oscillations, which is given by the formula f, , = / f; + fi.

With the indicated experimental parameters, we obtain the cutoff frequency on the branch of upper-
hybrid plasma waves f,;, = 0.25 THz. (see [27]). The result of computer calculations of the spectral
composition of radiation emerging from the plasma in the frequency range of upper-hybrid plasma
oscillations, performed according to the theoretical model described in [27], is presented in Figure
Sa. The result of the calculations is presented here in the form of the distribution of the spectral power
density over the angles 0, which is measured from the direction of the magnetic field induction. This
result indicates that the radiation generated by the beam propagates at angles of 20-30 degrees to the

dP/df

dP/dfdQ a)

u'r'r
’1

Y
A
'ﬁf;t:’*‘f**f"r‘wffff::

A
" 'Hi "r"-} A

0,1 0,15 02 0,250,30,3504
f, THz

Fig. 5. Distribution of the spectral power density by frequency (in relative units) in the vicinity of the fundamental plasma
frequency: calculated angular distribution of the radiation flux in the spectral region near the plasma frequency,
which corresponds to the frequency axis unit (a); spectral power density integrated over all angles (b). The blue line
is the calculated curve; red line — position of the signal maximum on the frequency axis, recorded by the polychromator
in this spectral region; black bold line corresponds to the cyclotron frequency of the plasma electrons
Puc. 5. PacnipenieneHne CieKTpaabHON TIIOTHOCTH MOIIHOCTH 110 YacTOTaM (B OTHOCHTENBHBIX SIMHUIAX )

B OKPECTHOCTH OCHOBHOM IJIa3MEHHOH YaCTOTHI: PACUETHOE YIIIOBOE pachpe/eleH e TOTOKa N3ITyYeHHs B CIEKTPaNbHOM
obnmacTy BOJIM3H MIIa3MEHHOH YaCTOTHI, COOTBETCTBYIONIEH €IMHHIIE OCH YacTOT (@); CEKTpanbHas IMIIOTHOCTh MOIITHOCTH,
HMHTETpUpPOBaHHAs O BceM yriaMm (b). CuHsIst TMHAS — pacueTHas KpUBasi; KpacHas — MOJOKeHHEe MaKCUMyMa CUTHala
Ha OCH YaCTOT, PETHCTPHPYEMOTO MOIMXPOMATOPOM B ITAaHHOH OOIACTH CTIEKTPa; YepHAs THHUS
COOTBETCTBYET MOJOKEHHIO IIMKIOTPOHHON YaCTOTHI MIa3MEHHBIX JIEKTPOHOB
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direction of the leading magnetic field. At the same time, the power spectral density integrated over
the angles 0 is localized in the frequency range 0.22—0.26 THz.

In Figure 5, a comparison is made of the frequency range with a high spectral power density,
which was recorded in the experiment for the case of a radiation flux propagating along a magnetic
field, with the calculated distribution curve of the spectral radiation density in the flux, obtained in
calculations using the above model. A comparison of the results presented in this figure gives grounds
for the assertion that the line describing the result of calculating the spectral radiation power density
coincides well with the contour covering the region of localization of high values of this parameter,
identified from the results of measurements in experiments.

3.2. The case of inhomogeneous plasma density distribution

As was shown in previous series of experiments [ 14], a decrease in plasma density at a given beam
current density helps to increase the power of the generated radiation flux. Moreover, the creation of
a plasma column with density gradients along its radius can increase the pulse power several times
at fixed values of the average plasma density over the cross section of the column and the current
density of the injected beam. A series of experiments aimed at increasing the power in microsecond
pulses of THz radiation were carried out this year. During the experiments, the plasma density during
the passage of the beam was increase up to a level of 4-10'* cm ™ with a radial density profile, which
is presented in Figure 6. The presented result of measurements of the radial distribution of plasma
density by Thomson scattering was obtained by averaging over a series of 5 shots.

5 Ne, 10" cm
4l
2l
0L . k .
0 5 10 15 r,mm

Fig. 6. Density distribution along the radius of the plasma column at a time of 1.5 ps (a) and 3 ps (b).
The result of averaging over five shots under the same conditions for the beam and plasma
Puc. 6. PacnipenieneHue IIOTHOCTH MO PaAnycCy IUIa3MEHHOTO cToI0a B MOMEHT BpeMeHH 1,5 Mkc (a) u 3 Mkc (b).
Pesynbrar ycpeJHeHUs 110 TIATH BBICTPENIaM IIPU OAWHAKOBBIX YCIOBHSX IS JIyda U IUIa3Mbl

In the experiments presented here, the current density of the electron beam in the plasma column
had a value of about 1 kA/cm?. The result of recording the spectral composition of the terahertz
radiation flux using an eight-channel polychromator is presented in fig. 7. In the presented radiation
spectrum, two frequency regions are distinguished: low-frequency in the range 0.15-0.17 THz and
high-frequency 0.30-0.35 THz. In our opinion, the low-frequency region corresponds to the frequency
band of upper-hybrid oscillations, and the high-frequency region corresponds to twice the value of
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this frequency. The relatively wide spectral frequency range occupied by the marked regions with
increased spectral power density can be explained by the presence of variations in the plasma density
across the cross section of the plasma column, since the local plasma density determines mainly the
frequency of the electron plasma oscillations in this place.

U*e, keV I KA
600 T 60
b) Ubeam
400 40
! |beam
I 200 20
0 — - 0
0 1 2 3 4 5
P,ye t, us
4 c)
3
f0=0.14-0.16 THz
2
AW
0 \\»l\o\_h
0 1 2 3 4 5
P, y.e. t, us
c)
0.015
0.01 f0=0.29-0.33 THz
0.005
0 .
0 1 2 3 4 5
t, us

Fig. 7. Spectral radiation power density in the radiation flux released into the atmosphere along the column (a),
which was recorded by an eight-channel polychromator in case of the plasma density distribution shown in fig. 6.
The ordinate axis shows the spectral radiation power density in relative units in accordance with the calibration
of the absolute sensitivity of each channel in its spectral recording region. Voltage and current in the diode (b).
Radiation intensity signal received from the polychromator channel in the frequency range 0.14-0.16 THz (c¢).
Signal from the channel in the frequency range 0.29-0.33 THz (d). All signals are averaged over a series of 11 shots
Puc. 7. CexTpaibpHas INOTHOCTh MOIHOCTH M3JTy4YEHHUS B IOTOKE U3JIy4YCHHUsI, BEIBOAUMOTO B armocdepy (a),
3aperuCTPUPOBAHHAS BOCBMUKAHAIBHBIM MOJIMXPOMATOPOM B CIIydae PaclpeieleHHs INIOTHOCTH IUIa3MBbl,
MOKa3aHHOM Ha puc. 6. IIo ocu opiMHAT OTIO0KEHA CIEKTPAJIbHAS INIOTHOCTh MOIHOCTH M3ITy4YCHHUS
B OTHOCHTEJIbHBIX CANHUIIAX B COOTBETCTBHH C KATMOPOBKOI aOCOIIOTHOM 4yBCTBUTEIBHOCTH KaXK/I0T0 KaHama
B CBOEH CIIEKTpaJIbHOH 00nacTu peructpanuu. Hanpspkenne u Tok B nuoze (b). CUrHaa HHTCHCUBHOCTH H3ITyYCHHUS,
MOJTYYEHHBIH U3 KaHa1a monuxpomaropa B auana3one 4actot 0,14-0,16 TI'a (¢). Curnan ¢ xkaHana B Tuana3oHe 4acToT
0,29-0,33 TI' (d). Bece curnans! ycpeaHsAoTcs o cepur U3 11 cHUMKOB

4. Energy content measurements in a radiation flux pulse

The results of previous experiments on measuring the energy content in a pulsed radiation flux
are presented in [16]. During those experiments, the calorimeter was located in the atmosphere of the
experimental hall, and the radiation flux exited the vacuum chamber through a fluoroplastic window
with a diameter of 14 cm. The window was located at a distance of 30 cm from the metal mirror,
reflecting the flux that propagates along the axis of the plasma column in a direction perpendicular
to this axis. The calorimeter was placed at a distance of 60 cm from the fluoroplastic window, at
which the cross-section of the flow freely propagating in the atmosphere already reached a diameter
of 0.3 meters. In order to direct the radiation flow to the entrance hole of the calorimeter, which has
a diameter of 11.5 cm, a steel pipe with a diameter of 18 cm was placed between the exit window
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and the calorimeter, which captured the radiation flow emerging from the exit window. Under these
experimental conditions, breakdown along the vacuum surface of the exit window limited the pulse
duration of the flow escaping into the atmosphere to a level below 1 ps. Depending on the detailed
experimental conditions, the energy content at this pulse duration turned out to be in the range from
6+0.5 J to 9£2 J.

As noted above, based on the identified reason for the reduction in the pulse duration
of the radiation flux escaping into the atmosphere, work was carried out to modify the
installation unit in which radiation is extracted from the vacuum into the atmosphere. The
fluoroplastic output window was replaced with a window made of polymethylpentene (TPX),
and this new window was additionally spaced from the rotating steel mirror at a distance of
another 150 cm. To achieve the greatest capture of the radiation flux into the input window
of the calorimeter, this input window was attached to the output window from TPH with a
minimum gap between them. The layout of the calorimeter and the signal from the calorimeter,
averaged over a series of 5 shots, are shown in Figure 8.

\ Q, mV Q,J
0.5

s Ne: 10" cm? || | o
5 l\l/lf—[ 16 cm 0.4 ““ [““‘ ”m“m |||lH|Hlnnmmn, 4
\ 0.3 || “ I |”| |“|||”I
j 0.2 .

" 14 cm
0 5 10 15 r, mm 0.1 1
= 0 0

0O 20 40 60 80 100 t g

Fig. 8 Measurement results of the energy content in a THz radiation flux of microsecond duration. In this figure are:
diagram of the location of the calorimeter behind the exit window of a vacuum tube with a length of 180 cm (a);
distribution of plasma density along the radius of the plasma column in the time 2 ps (b);
the energy content recorded by a calorimeter (c)

Puc. 8. I3mepenue sHeprocoaepkanus B motoke TI' U3mydeHnss MUKPOCEKYHIHOH JUTUTEIBHOCTH.

Ha pucyHke npuBeIeHBI: cXeMa pacloIOKeHHs KaJIOPIMETPa 3a BEIXOIHBIM OKHOM BaKyyMHOU TpyOb! umnHOH 180 cM (a);
pacmpesenenue IOTHOCTH IIa3MBbl 1I0 PAANYCY IIA3MEHHOTO CTOI0a B MOMEHT BPEMEHH 2 MKC
OT Havaja MHKEKIUH ITydKa (b); SJHEProCoepKaHNUE B UMITYJIbCE M3ITyYCHNUS, 3aPETUCTPUPOBAHHOE KATIOPUMETPOM ()

The next stage of the experiments was the measurement of the energy content in the pulsed
radiation flux directly in vacuum. To implement this series of measurements, the window from the
TPC was removed, which separated the vacuum of the installation from the air atmosphere of the
hall. Under these conditions, the inlet of the working cavity of the calorimeter was a continuation of
the tube through which the flow propagates in vacuum after the plane mirror. The calorimeter body
was connected to a metal vacuum tube using a dielectric circle, which ensured that there was no
electrical contact between the calorimeter body and this tube while maintaining a high vacuum in the
calorimeter. Moreover, the inlet of the calorimeter is cut off from the tube through which the flow of
THz radiation arrives, using a thin (100 um) film of black polypropylene, which suppresses light and
infrared radiation propagating through the tube from the plasma column.
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The results of measuring the energy of the radiation flux obtained in this variant of the calorimeter
arrangement are presented in Figure 9. On the left half of the figure, indicated by symbol a), the result
of measurements carried out under the same conditions as experiments on measuring the energy
content in the flux passing through a window of material is presented TPC (see fig. 8, ¢).

j=2 kA/cm™
A 110

o
o

1 1

0 50 100 150
t,s

Fig. 9. Energy in a radiation pulse measured in vacuum at various beam current densities in the plasma column:
1 kA/cm? — blue line; 2 kA/cm? — red line
Puc. 9. DHeprus B UMILYJIbCE H3TyUYCHHs, H3MEPEHHAsl B BAKyyM€ IIPH Pa3InuHON IUIOTHOCTH TOKA ITy4Ka
B IUIA3MEHHOM cToJi0e: 1 KA/cM? — cuHsst TMHUsE; 2 KA/cM? — KpacHast JIMHUS

Comparison of the time dynamics of the signals in Fig. 9a and Fig. 8c shows that the temperature
rise time of the calorimeter working fluid, which is demonstrated in the figures by voltage oscillograms
on thermocouples, in both cases of calorimeter placement has a value of 20-30 seconds. But the
characteristic cooling time of the calorimeter working fluid is significantly different for these two
options. In the presence of air in the calorimeter cavity, the voltage coming from the thermocouples
decreases by half after reaching the maximum signal within 80 seconds, and in the case of a vacuum
in the cavity, the voltage signal from the thermocouples decreases during this time on a scale of ten
percent. This behavior of the temperature of the working fluid in the calorimeter over time means that
the convection of the air mass in its cavity plays a significant role in the removal of energy from the
operating calorimeter.

To test the possibility of increasing the intensity of beam-plasma interaction due to an increase in
the current density of the injected REB, changes were made to the geometry of the accelerating diode
where the ribbon beam is generated. In addition, the values of the magnetic field induction in this
diode and the vacuum chamber where the plasma column is created were changed. The magnetic field
in the diode was 0.3 T, but became 0.22 T. In turn, for the plasma column was 4.5 T, but became 5 T.
Under these conditions, the current density in the beam passing through the plasma column turned
out to be increased to 2 kA/cm?. The result of measuring the energy content in the radiation flux under
conditions of increased beam current density is presented in Fig. 95.
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5. Conclusion

Measurements were carried out of the spectral composition and energy content in the flow of

terahertz radiation generated in a magnetized plasma column (6-7)-10'* cm™ during relaxation of
a pulsed REB of microsecond duration with a current density of level 1-2 kA/cm?. During spectral
measurements, it was established that the maximum spectral radiation density is localized in the
frequency range 0.15-0.3 THz, which coincides with the frequency range of upper-hybrid plasma
oscillations, which are effectively pumped under the conditions of the experiments. By selecting the
geometry and conditions for calorimetric measurements of the energy content in a powerful radiation
flux with a duration of one microsecond, it was possible to determine its level, which reaches ten
joules.
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