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A miniature pinhole camera array for spatially and temporally resolved measurements of soft X-ray emission has
been designed and installed in the URAGAN-3M torsatron. Two features of the U-3M: a) very large vacuum vessel;
b) a quite high RF noise from the 8-9 MHz plasma heating generators, form a rather difficult for the SXR system
design conditions. In order to increase the SXR brightness in 25-50 times the pinhole camera is placed between
helical coils near plasma in the “A-A” cross-section. The size of the pinhole and its location relative to the diode
array are optimized to cover the whole poloidal cross section and to achieve a good spatial resolution with minimum
overlap in nearby channels. Possible misalignments of the SXR system can cause errors in the line of sight impact
parameter less than 3° (similar to the SXR channel viewing angle). The maximum of the measured SXR brightness
intensity corresponds to the central channel Ne 11 of the system. The 2.5-10° V/A SXR photodiode photocurrent
amplifiers with additional RF noise suppress electronics have been manufactured. The SXR electronics does
successfully work in high vacuum conditions near the plasma. Time evolution of the SXR emission profile and its
fluctuations are successfully measuring by the designed diagnostics.

PACS: 52.55.Hc; 52.70.La
INTRODUCTION

Soft X-ray (SXR) diagnostics is an important tool for
studies various phenomena in fusion plasmas. The
diagnostics are used to study a variety of phenomena,
such as MHD activity [1-3], toroidicity-induced Alfven
eigenmodes (TAE) etc. Relative simplicity and low cost
of the SXR diagnostics (in comparison with the electron
cyclotron emission and the Thomson scattering
diagnostics) in addition to its high performance
determine its wide application at tokamaks, stellarators,
reverse field pinches, etc [1-3]. Due to lack of
diagnostics, described in this work multichannel SXR
pinhole camera array is almost unique tool (in addition
to the multichannel H, monitoring) available in U-3M
for a plasma profile monitoring and internal plasma
fluctuations studies based on single discharge data.

A 1.5m distance from U-3M chamber wall to the
plasma is formed by the “chamber-less” U-3M design.
Such a long distance defines significant SXR brightness
decay (proportional to the square of this distance).
Initially designed for the U-2M torsatron [4] the SXR
diagnostics has been adopted for rather unusual U-3M
conditions. In order to increase the SXR brightness in
25-50 times the pinhole camera is placed between
helical coils near the plasma. A set of design features
related to such a decision as well as related to a strong
8-9MHz load from the U-3M radio frequency (RF)
heating generators are described in this work.

In order to increase SXR signal strength and remain
its appropriate spatial resolution the SXR pinhole
camera design optimization has been performed in the
present work. The optimization take place for the U-3M
stellarator geometry in condition of non-circular rotated
in toroidal direction magnetic surfaces. A possible
misalignment of the SXR system geometry is discussed.

1. SXR, PASSED THROUGH 2 pm Al FOIL

On the base of previous estimations [4], in order to
increase signal amplitude a thin 2 um Al foil was
installed on the U-3M SXR pinhole slit. Soft X-ray
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emission in the plasma includes free-bound
recombination radiation; the bound-bound line radiation
introducing photons in the low energy range. In order to
get information about the measured SXR signal for just
qualitative estimations, let’s consider the continuum
emission only, which is expressed by the
bremsstrahlung formula for a Maxwellian plasma:
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dW is the radiation power emitted in the photon energy
interval dE and n,, n;, Ze, and T, are electron and ion
density, effective plasma charge and electron
temperature, respectively. The SXR intensity in a
detector is defined by integrated along line of sight | and
photon energies E SXR emitted by plasma. Its filtering
by a foil leads to the following SXR intensity in the
detector:
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where w/p is the mass energy absorption coefficient of a
foil. The temperature dependence of the SXR signal in
the case of 2 pum Al filter is shown in Fig. 1. The
dependence was obtained by numerical integration
using recent p/p data, as it is described in [4]. The
photodiode array IRD AXUV-20EL, used as a detector
part, has almost flat energy dependence in the
0.2...4000 eV photon energy range. Thus, the calculated
temperature dependence is not significantly disturbed in
the 0.25...1 keV temperature range.

2. GEOMETRICAL DESIGN

The SXR camera array consists of a 20 channel
photodiode linear array, a shielding box, electronics and
a pinhole. The front cover of the detector consists of
two flat plates having pinholes in the middle. The Al foil
is clamped between the plates. The size of the pinhole
and its location relative to the diode array are optimized
to cover the whole poloidal cross section and to achieve
a good spatial resolution with minimum overlap of
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nearby channels, as it is described below. Each IRD
AXUV-20EL array contains 20  rectangular
photodiodes, each having a sensitive area of 0.75x4 mm
and an active thickness of 35 um. The SXR camera
consists of 20 fanlike lines of sight. The camera is
viewing horizontally through a symmetric plasma cross
section “A-A”, as it is shown in Fig. 2. This U-3M cross
section is selected as a longest one in the vertical
direction. Large vertical plasma size determines better
space resolution of the diagnostics and allows use big
enough poloidal collecting angle, maintaining high
enough SXR signal.
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Fig. 1. SXR emission, passed from 2 um Al foil
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Fig. 2. Lines of sight and viewing angles of the SXR
detector arrays across the cross section “4-4”

The pinhole camera geometry defines the poloidal
viewing area of SXR channels as shown in Fig. 3.The
observation angle for any point on the photon sensitive
area is 3° in the poloidal direction. Due to the finite size
of the sensitive area, the total viewing angle of each
sensitive element is about 6°.
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Fig. 3. Viewing angles of pinhole camera channels used
on U-3M(the unit of the linear lengths is in millimeters)

Fig. 2 shows the viewing angles (3°) of the channels of
an SXR array used for the U-3M torsatron. Wide
enough toroidal viewing angles have been selected for
the signal amplitude increase, as it is shown in Fig. 4.

Fig. 4. Viewing angles in the toroidal plane (the unit of
the linear lengths is in millimeters)

A toroidal divergence of the viewing angle causes an
artificial widening of the spatial resolution in the
poloidal plane due to the magnetic surfaces rotation.
The toroidal viewing angle of 11.4° corresponds to the
angle between marginal cross-sections defined by
toroidal widening about 4°. A central magnetic surfaces
cross-section (A-A) and turned on +2° are shown in
Fig. 5.
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Fig. 5. Lines of sight and magnetic surfaces in the A-A
(black color) and +2° turned U-3M cross-sections

The spatial resolution restriction due the toroidal
divergence of the viewing area is significantly lower in
comparison with the poloidal one, as it is clear from the
figures. Fig. 6 shows a photograph of the SXR detector
array installed between helical coils of the U-3M.
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Fig. 6. SXR diagnostics installed between helical coils

The detector box is fixed to a curved helical coils
cover, what can cause misalignments. Due to short
distance from the detector to plasma, possible toroidal
misalignments in 3...5° would cause rotation of “seen”
magnetic surfaces only in 1° as it was shown above.
Thus, toroidal misalignments can be neglected. An
influence of possible displacement of the detector in the
radial direction is shown in Fig. 7.

Real accuracy of the radial position of the detector is
about £1cm, but even in a case of +2 cm displacement,
modification of the impact parameter of the lines of
sight is not higher than the poloidal viewing angles
width.
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Fig. 7. Lines of sight in case of =2 cm displacement

3. ELECTRONICS DESIGN

AXUV-20EL photodiodes have flat response over a
wide range from visible light to x-ray and are therefore
also suitable for bolometric measurements. High
responsivity of 0.275 A/W, low noise and 200 ns
risetime allow AXUV-20EL applications in high speed
SXR systems. Precision, low noise, 10MHZ bandwidth,
small size operational amplifier AD8606 has been
selected for SXR diode current preamplifiers. Two
stages of SXR photodiode photocurrent amplifiers with
fixed combined gains of 2.5-10" V/A have been
manufactured. The preamplifiers are placed near the
diode assembly in a vacuum. The SXR electronics does
successfully work in high vacuum conditions near the
plasma due to heat sink optimization, as well as due to
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stainless steel shielding from the plasma. RLC filters
with a ferrite beads inserted in an output stage of the
amplifiers prevent a noise pick-up by the output cables.
Similar filters and voltage regulators prevent pulsations
of the supply and bias voltages. The amplifiers
bandwidth decrease down to 10 kHz, what allows to
suppress successfully high RF noise and to register SXR
signals. Low cost, 12 bit resolution, 16 channels, up to
8 MS/s sampling rate, 1 MS/channel on board memory
TEREX ET-1255 ADC board is used for the SXR
diagnostics.
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Fig. 8. Time evolution (a) and SXR signal distributions
(b) versus channel number in two moments of RF
discharge
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Fig. 9. An example of the SXR fluctuations

4. FIRST RESULTS

Possible SXR camera misalignment in the poloidal
direction can be verified by an experimental data. A
maximum of the SXR emissivity is expected from a line
crossing plasma center. Time evolution of SXR
emissivity of channels Ne4, 6 and 10 and SXR
emissivity dependence on the channel number are
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shown in Fig. 8. As shown in the figure, the maximum
of the measured SXR brightness intensity corresponds
to the central channel Ne 11 of the system.

This maximum location is always observed in
normal U-3M discharges. Therefore, a difference
between designed lines of sight geometry (see in the
Fig. 2) and real geometry is not significant and possible
error in the impact parameter is less than 3° poloidal
viewing angle of the SXR channel.

The installed SXR system bandwidth is limited for
the noise suppression purpose. Only low frequency
fluctuations can be measured at the present time.
Various fluctuations of the U-3M SXR emission have
been observed in a frequency range about few kilohertz
or less. An example of the fluctuations is shown in
Fig. 9. Clear localization of the fluctuations in a central
region and its absence in the edge channels in the
discharge Ne 117 evidently show that it is not a noise.
The fluctuation phase inversion is observed in
symmetric lines of sight with opposite sign of its impact

with different spatial localizations are observed in
different types of the U-3M discharge as well.
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PA3PABOTKA U HAYAJIBHASI PABOTA MHOI'OXOPJOBOI'O MHOI'OKAHAJIBHOT'O
JETEKTOPA MSIT'KOI'O PEHTI'EHA JUISI TOPCATPOHA Y-3M

M.b. /lpesans

MUHHATIOPHBIM JaTYUK JJIS U3MEpPEHHs BpPEMEHHOTO TIIOBEACHUS M IPOCTPAHCTBEHHOTO paclpeIeieHus
M3JIyYeHUs] MSITKOTO PEHTreHa ObLI CIPOSKTHPOBAH M yCTaHOBJIEeH Ha topcarpone YPATAH-3M (V-3M). [Ise
ocobeHHOCTH Y-3M: a) oueHb 0OJBIION BaKyyMHBINH 006EM; 0) odeHb Oombiroit BU-mmym ot 8-9 MI'i-reHepaTopos,
HarpeBaroNiX IIa3My, GOpMHUPYIOT OYEHb CIIOXKHBIE YCIOBHS JUIA MPOCKTUPOBKH JHATHOCTHUKH MATKOTO PEHTIEHA.
Jns Toro, 4ro0Bl YBEIMYWTh H3MEPSEMYIO CBETUMOCTb peHTreHa B 25-50 pa3, m3mepsromas peHTIeH Kamepa
o0cKypa ToMeIIeHa MeXITy BHHTOBBEIMH IPOBOTHHKAMH PSIOM € Tuta3Moil B ceueHnn “A-A”. Pasmep BXomHOM
menn u e€ paccTosiHMe 10 Habopa (OoTOAMONOB Kamephl OOCKypa ONTHMHU3HPOBAHBI JUIS MOKPBITHS BCETO
MOJIOUAATPHOTO CEYEHHS IUIA3MbI U TONYYEHHUS XOPOIIEro MPOCTPAHCTBEHHOTO pa3pellieHus MPU MUHUMAaJIbHOM
MEePEeKPBITHH COCEAHMX KaHaNoB. [IpoBen¢HHBIE OLIEHKM IOKA3ajH, YTO BO3MOJKHBIE IEPEKOCHI KaMepbl MOTYT
BBI3BaTh OLIMOKY B OIpEIENCHHH NPHUIEIHHOTO MapaMeTpa XOpAbl HAOMIOACHUS MEHbIIE, YeM BelIWYHMHA yria
0630pa KaHaza MArkoro pertrena, B 3°. MakcHMyM H3MepSeMOil MHTEHCHBHOCTH CBETHMOCTH MSTKOTO PEHTTEHa
PUXOIUTCS HA LEHTpabHbIH kanax Ne 11. M3roToBieHs! yeumuTem GoToOToKa 4yBCTBHTENBHOCTRIO 2,5-10" B/A ¢
JIOTIOJTHUTENBHON 3IIEKTPOHHUKOH, ojasistomed BU-mryM. DiekTpoHUKa yCIenHO paboTaeT B yCIOBHSAX BHICOKOTO
BaKyyMa psIOM cC Iula3Moi. BpemeHHas sBomonust nmpoduist SMHCCHM MSTKOTO peHTreHa m e€ (urykryaumi
YCIICTITHO U3MEPSIOTCS Pa3pabOTaHHON THAarHOCTHUKOH.

PO3POBKA TA HAYAJIBHA POBOTA MHOT'OXOPJOBOI'O BATATOKAHAJIBHOT'O JETEKTOPA
M'SAIKOI'O PEHTTEHA J1JISI TOPCATPOHY Y-3M

M.b. /Ipesans

MiHiaTIOpHHI IaT4UK JUIsi BUMIPIOBaHHS YacOBOT'O MOBOJDKEHHS Ta MPOCTOPOBOIO PO3IMOJLTY BUIIPOMIHIOBAHHS
M'SIKOTO peHTreHa OyB CIPOEKTOBaHWH 1 BcTaHOBieHUit Ha Topcarponi YPATAH-3M (V-3M). JIgi ocoGuuBocTi
VY-3M: a) nyxe BequKHii BakyyMHH# 00'eM; 0) myxe Benukuid BU-mym Bin 8-9 MI'u-reHeparopis, 1110 HarpiBarwoTh
wiazMy, (GOpMyIOTh JyXke CKIaJHi YMOBU JJisl MPOEKTYBaHHS IIarHOCTHKK M'skoro penrreHa. [lns Toro, o0
30UIBIIUTH CBITHICTH PEHTI€HA, II0 BUMIpIOETHCS, B 25-50 pasiB, kamepa oOCKypa MOMilleHa MiXK TBUHTOBHMH
MPOBIJHUKAaMH MOPYY 3 IUIa3Molo y mepepizi "A-A". Po3mip BXinHOI minuHM 1 11 BigcTaHb 10 Habopy doTomionis
KaMepH O00CKypa ONTHMI30BaHi Ul MOKPHUTTS BCHOTO MOJIOINAIFHOTO MHepepily IIasMH i OTPUMAaHHS J0OpOro
MPOCTOPOBOTO PO3JAUIECHHS IIPHU MIHIMaJILHOMY HEPEKPHUTTI CycinHiX KaHamiB. [IpoBeneHi OLIHKHM TOKa3ajH, IO
MOXIIMBI TIEPEKOCHM KaMepH MOXYTb BUKIMKATH IIOMWIKY Y BHU3HA4E€HHI IPHUIUILHOTO TIapaMeTrpa XOpIu
CIIOCTEPEXKEHHS MEHIIE, HiK BETHIMHA KyTa OISy KaHaty M'SKOro pentreHa, B 3°. MakCHMyMm BHMiprOBaHOI
IHTEHCUBHOCTI CBITHOCTI M'SIKOTO PEHTI€Ha MpUIMajaae Ha meHTpaibHui kaHaia Ne 11. BuroroBneni miacuiroBadi
(dhoTocTpyMy UyTIHMBICTIO 2,510 B/A 3 momaTkoBoio eJIeKTPOHiIKOI0, 10 mepeBakae BU-mym. EnexTponika
YCIINTHO MPAIlO€ B yMOBaX BHCOKOTO BakyyMy IMopyd 3 Inia3moro. YacoBa eBoumowis Mmpogimo emicii M'SKoro
pertreHa i i Gpaykryanii yCHinHo BUMipIOIOTECS PO3POOIICHOIO A1arHOCTHKOIO.
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