CHARGED PARTICLE ACCELERATORS
STATUS OF THE NOVOSIBIRSK TERAHERTZ FEL

V.P. Bolotin, N.A. Vinokurov, D.A. Kayran, B.A. Knyazev, E.I. Kolobanov, V.V. Kotenkov,
V.V. Kubarev, G.N. Kulipanov, A.N. Matveenko, L.E. Medvedev, S.V. Miginsky,
L.A. Mironenko, A.D. Oreshkov, V.K. Ovchar, V.M. Popik, T.V. Salikova, S.S. Serednyakov,
A.N. Skrinsky, O.A. Shevchenko, M.A. Scheglov
Budker INP, Novosibirsk, Russia
E-mail: S.V.Miginsky@inp.nsk.su

The first stage of Novosibirsk high-power free-electron laser (FEL) was commissioned in 2003. It is based on a
normal conducting CW energy recovery linac. Now the FEL provides electromagnetic radiation in the wavelength
range of 120...180 micrometers. An average power is 400 W. The minimum measured line width is 0.3%, which is
close to the Fourier-transform limit. A user-beamline assembly is in progress, parts of the full-scale machine are
manufactured. The latter will operate in the near IR region and provide higher average power.

PACS: 41.60.Cr

1. INTRODUCTION

A new source of terahertz radiation has been recent-
ly commissioned in Novosibirsk [0]. It is a CW FEL
based on an accelerator—recuperator (AR), or an energy
recovery linac (ERL). It differs from the earlier ERL-
based FELs [0], [0] in the low frequency non-supercon-
ducting RF cavities and longer wavelength operation
range. The full-scale Novosibirsk FEL is to be based on
a four-track 40 MeV accelerator-recuperator (see Fig.1).
It is to generate radiation in the range 3...80 pum [0], [0].
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Fig.1. Scheme of the accelerator-recuperator based
FEL. 1 —injector; 2 — accelerating RF structure;
3 — 180-degree bends,; 4 — undulator; 5 — beam dump;
6 — mirrors of the optical resonator

2. INJECTOR

An electron source is a 300 keV DC gun with a grid
cathode. The electron gun consists of:
* acathode-grid unit driven by a controlled pulser;
* an electrostatic accelerating tube placed in a high-
pressure vessel with insulating SFs gas;
a 300 kV DC power supply;
control electronics inside the high-voltage terminal
with the optical link.
Basic parameters of the gun are:

Electron energy (kinetic)......300 keV;

Current:
Peak................... 1.7 A;
Average............... 40 mA;
Normalized emittance.......... 201 mm-mrad;
Repetition rate................... 0...22.5 MHz;
Pulse duration.................... 1.1 ns;
Operation mode.................. CW.

The grid cathode of the commercial RF tube is used
as a source of short electron bunches. The domestic-
made pulser provides 1.2 ns 100 V pulses at the cathode
(the grid is grounded). As such pulse (bunch) duration is
long enough for the RF acceleration at a frequency of
180 MHz, bunch compression is necessary. The sim-
plest way to compress a bunch is the use of klystron
bunching at the same frequency. The gun voltage of
300 kV is a trade-off between suppression of the space
charge induced emittance degradation and the possibili-
ty to compress the bunch in the drift space without any
magnetic buncher. The RF voltage on the bunching cav-
ity is about 100 kV. Two accelerating cavities are in-
stalled after a 2.5 m-long drift gap. These cavities in-
crease the beam energy to 1.7 MeV and compensate the
correlated energy spread gained in the bunching cavity.

3. ACCELERATOR-RECUPERATOR

The first stage of the machine has a full-scale RF
system, but only one backward track. Layout of the AR
is shown in Fig.2.
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Fig. 2. Scheme of the first stage of the Novosibirsk high power FEL

A 2MeV electron beam from the injector passes
through the accelerating structure acquiring the 12-MeV
of energy, and enters the FEL installed in the straight
section. After a beam-radiation interaction within the
FEL, the beam passes once more through the accelerat-
ing structure, returns the power, and enters the beam
dump at the injection energy. Main parameters of the
accelerator are listed below:

RF frequency.............oeneee. 180 MHz;
number of RF cavities............ 16;
RF voltage at one cavity......... 0.7 MV;
injection energy................... 2 MeV;
final electron energy ~  ............ 12 MeV;
max. bunch repetition rate....... 11.3 MHz;
max. average current  ............ 20 mA;
beam emittance.................... 2 mmemrad;
final energy spread, FWHM.....0.2%;
final bunch length................. 0.1 ns;
final peak current................. 10 A.

4. FEL

A terahertz FEL is installed on the single backward
track of the AR. The FEL consists of two undulators, a
buncher, two mirrors of optical resonator, and an out-
coupler. Both undulators are identical. They are electro-
magnetic planar ones, 4 m in length, period 120 mm,
gap 80 mm, and K up to 0.8. The buncher is simply a
three-pole electromagnetic wiggler. It is used to phase
the undulators between each other. Both mirrors are
identical, spherical, made of polished copper, and water
cooled. The outcoupler contains two adjustable planar
copper mirrors. These mirrors scrape radiation inside
the optical resonator and redirect a small part of it to the
consumer. The outcoupler was used during commission-
ing to optimize the parameters of FEL. Now radiation is
extracted through an optimal hole in the mirror. Basic
parameters of the FEL are listed below:

Wavelength...................cooel 0.12...0.18 mm;
min. relative linewidth, FWHM....30
107;
pulse length, FWHM................. 50 ps;
peak power..........cooeeiiiiiinnnn. 0.4 MW;
repetition rate...............eeennnnn. 11.3 MHz;
max. average POWer.................. 0.4 kW.
5. OPTICAL BEAMLINE AND USER STA-
TIONS

To transmit the radiation from the front mirror to
user stations, a 13-m beamline guiding THz radiation
from the accelerator hall to the user stations had been
constructed. Since water vapor has a great number of
absorption lines in the sub-millimeter spectral range, the
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beamline is isolated from the atmosphere and filled out
with dry nitrogen. The beamline is separated from the
accelerator vacuum by a 0.6-mm diamond window and
from the atmosphere with a polyethylene film. Until this
summer, the only user station had been available. Now a
number of connection points are ready and a set of dedi-
cated stations are being manufactured: a chemical user
station, a high power density user station, a biological
user station, and an atmosphere study station.

We use several types of THz detectors. A mechani-
cally scanned bolometer is a precise, but extremely slow
detector. A FIR-NIR converter (FNC) employs tempera-
ture growing of a thin-film screen exposed to terahertz
radiation. Two-dimensional field of temperature at the
screen surface is recorded with a thermograph SVIT,
which has a 128%128 InAs focal plain array (FPA) sen-
sitive to the radiation within the spectral range of 2.6...
3.1 pm. Thermograph sensitivity at the room tempera-
ture is 0.03°C at the frame frequency up to 40 Hz. In our
case time resolution was restricted by thermal relaxation
of the thermoconverter and the frame frequency in the
experiments was 10 Hz.

Another technique used for the visualization of tera-
hertz images is the Thermo-Optical Detector (TOD).
The technique employs the change of the optical length
of a medium, which is transparent for probe visible light
but is opaque for the terahertz radiation, when the medi-
um is exposed to the terahertz radiation.

Other possible techniques (not in the use yet) are:
thermal line quenching of fluorescer, direct detection
with Shottky diodes, and an array of thermal sensors.

6. EXPERIMENTS WITH FEL

Only a few experiments are mentioned here due to
the lack of space.

6.1. HIGH POWER DEMONSTRATIONS

A continuous optical discharge was obtained when a
laser beam had been focused with a parabolic mirror
(f=1.0 cm). Power density was at least an order of value
less than it requires by Raiser’s theory. The discharge
appears with some delay that, probably, indicates a role
of statistical effects.

Ablation of PMMA in an argon flow at the atmo-
spheric pressure was demonstrated. Non-focused laser
beam drilled a conical opening in 60-mm plexiglass in
3 minutes. No combustion was observed.

6.2. COHERENCE

A transverse coherence of the FEL radiation was
clearly demonstrated by classical interference pattern
recorded with the thermograph when two large alu-



minum mirrors, positioned at a small angle, reflect the
laser beam on the carbon-paper screen placed at the dis-
tance of 1.8 m.

A diffraction experiment with two circular apertures
enables to compare calculated diffraction pattern with
the pattern recorded with the thermograph. Two open-
ings were 6 mm in diameter and spaced in horizontal di-
rection at a distance of 14 mm. The diffraction pattern at
the distance of 1.08 m is shown in Fig.3,a. The ratio of
initial intensity of THz radiation at the openings was
9:20.

In order to find out the wavelengths and widths of ra-
diation spectrum, a rotating Fabris-Perrout interferome-
ter was used. The typical interference picture is shown
in the Fig.3. By varying the undulator magnetic fields
we obtained a stable lasing in the range 120...180 um.
Now, the spectrum relative width is about 3007, The
corresponding value of the coherence length
A2/2A\ =20 mm is close to the electron bunch length.
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Fig.3. The diffraction pattern (a) produced by two cir-
cular apertures (b), @ = 6 mm, A = 14 mm al.08 m
from the screen, is recorded by the thermograph. The
plot (c) shows experimentally observed and theoretical-
ly calculated intensity profiles. The latter was calculat-

ed for . =0.16 mm

6.3. ULTRA-SOFT LASER ABLATION OF BIO-
LOGICAL POLYMERS

Ultra-soft ablation of DNA samples without denatura-
tion was demonstrated. When the power density of THz
radiation was optimal, particle size spectra contained
only peaks corresponding to the initial particles. For
higher power densities multi-peak spectra were ob-
served.

Ultra-soft ablation was also demonstrated for pro-
teins. Ferment kept its reactivity after ablation and con-
densation.

CONCLUSION

Stable operational characteristics of the Novosibirsk
free electron laser and transmission of high power tera-
hertz radiation through the beamline to the user facility
hall indicate the beginning of the conversion of the tera-
hertz FEL from the experimental facility to the user fa-
cility. First experiments carried out on the facility have
demonstrated its great potentiality for experiments in
optics, high-energy-density science and other applica-
tions.
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CTATYC TEPATEPIIOBOI'O JICD B HOBOCUBHUPCKE

B.Il.bonomun, H.A.Bunokypos, /I.A.Kaitpan, b.A.Knazee, E.H.Kono6anos, B.B.Komenxos, B.B.Ky6apeas,
I'.H.Kynunanoe, A.H. Mameeenxo, JI. E.Meoeedes, C.B.Muzunckuii, JI.A.Muponenxo, A./.Opewkos, B.K.Os-
yap, B.M.ITonux, T.B.Canukosa, C.C.Cepeonakos, A.H.Cxkpunckuii, O.A.Illesuenxo, M.A.1llecnoe

B 2003 roxgy B HoBocuOupcke 3apaborana mepBas ouepeb MOITHOTO Jia3epa Ha CBOOOTHBIX AmekTpoHax (JICD).
MammHa mocTpoeHa Ha 0a3e JIMHaKa-peKyneparopa HelpepbIBHOTO aelicTBus. B Hactosmee Bpems JICD paboraer B
nuana3zoHe aAauH BoiH 120...180 MxM, ero cpenusis MouiHocTs gocturaet 400 Bt. MunumansHas u3MepeHHas -
puHa mojockl u3nydeHus cocrasisier 0.3%, 4To OMU3KO K TEOPSTUYCCKOMY MHHHMYMYy. B Hacrosimee Bpems
MOHTHUPYIOTCS KaHAJIbl PA3BOJKU U3IYUYCHUS JIJIS MOJIH30BATENICH, YACTH TMOJTHOMACIITA0OHOH MAIIWHBI 3ayIICHBI B
npou3BoJcTBO. [lomHOMacmTabHas mammHa Oyzer paborats B OmmkHem MK-mmamasonHe u oOmamath Oomnbreit

MOIIHOCTBIO.

CTATYC TEPATEPIHOBOI'O JIBE B HOBOCHUBIPCBKY

PROBLEMS OF ATOMIC SCIENCE AND TECHNOLOGY. 2006. Ne 2.

Series: Nuclear Physics Investigations (46), p.5-7.



B.Il.bonomin, H.A.Bunoxypos, /I.A.Kaupan, b.A.Kunses, €.1.Konoéanos, B.B.Komeuxos, B.B.Kyoapes,
I'.H.Kynunanoes, A.H. Mamecenko, JI.€.Medeseoes, C.B.Muzuncovkuii, JI.A.Muponenxo, A./[.Opewikoas,
B.K.Oguap, B.M.Ilonuk, T.B.Canuxoea, C.C.Cepednaxos, A.H.Cxpuncokuii, O.A.llleeuenxo, M.A.1llezno6

B 2003 poui B HoBocubipchky 3apo0mia mepiia gepra HMOTY>KHOTO J1a3epa Ha BimpHHX enekTpoHax (JIBE).
Mammna noOynoBaHa Ha 0asi JiHaka-pekyneparopa OesnepepsHoi fii. 3apa3 JIBE mparioe B miana3oHi JKOBXHH
xBwib 120...180 MM, #ioro cepemHs mTOTyXHICTH pgocsrae 400 Br. MinimMansHa BHMIipsSHAa IIHPHUHA CMYTH
BUIIPOMiHIOBaHHS CcTaHOBUTH 0.3%, MmO ONM3BKO JO TEOPETHYHOrO MIiHIMyMy. 3apa3 MOHTYIOTBCS KaHallU
PO3BEICHHS BUIPOMIHIOBaHHSI JIJIsi KOPUCTYBA4iB, YaCTHHU MOBHOMACIITAOHOI MAalIMHU 3aIlylleHi Y BUPOOHHIITBO.
[ToBHOMacmTabHa MarMHa Oy/ie npaioBaTy B OmkHboMy [U-/iana3oHi i MaTH O1TbIY HOTYKHICTb.
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