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A special type of vacuum-photodiode detector is being developed for x-ray imaging of plasma in
fusion-producing tokamaks such as the international thermonuclear experimental (EEER);

where the radiation environment will be too hostile for conventional x-ray detectors. The vacuum
photodiode has modest efficiency, but it is intrinsically immune to radiation damage if built in such

a manner as to expose only metal components to radiation. A design based on appropriately chosen
materials(including high-Z cathodgsand geometriegincluding a small angle between cathode
surface and incident x raysan provide good signals from the 1-100 keV x rays that are of
particular importance for imaging the plasmas in the Joint European ToRB and ITER. It

should also provide better rejection of signal distortion and noise due to unwanted detection of
neutrons and hard gamma rays than conventional detectors. A prototype design is described, along
with performance parameters predicted for JET and ITER. In addition, we show results of laboratory
experiments that confirm some of the predicted behaviors of the designl99® American
Institute of Physicg.S0034-674807)60801-1

I. INTRODUCTION electrons. Some of these electrons escape from the surface of
X-ray imaging diagnostics provide crucial information the cathode, and if an anode is present and placed at an

about many tokamak plasma phenomena such as magneﬁ)t_)propriate potential, the electrons will travel quickly to the

hydronamic(MHD) fluctuations and precursors to disruptive 210de and contribute to an electric current in external cir-
instabilities. But new detector technology is required forCUitry. Response to a given radiation field depends strongly

x-ray imaging on burning-plasma tokamaks such as the in" the materials and configuration used, detection efficiency
ternational thermonuclear experimental readidiER), be- ~ depends largely on the fraction of primary and secondary
cause the x-ray detectors used on existing tokamaks will faielectrons which are able to escape the cathode surface. There
quickly with exposure to the large fluxes of neutrons thatare two ways to optimize this.
characterize the harsh environment of the reactor tokamak One way is to choose a cathode material which has an
(as observedon the tokamak fusion test reactor TFTR dur- electron range comparable to the stopping depth for x rays.
ing D-T operatiof. Operating with a fusion power output of For x rays above 10 keV, which could be crucial for imaging
1000 MW, ITER would produce aboutx0? n/s. Even ITER (see Sec. IV, high-Z materials generally do a much
with perfect shielding against indirect neutrons, silicon-basedbetter job of this than low-Z materials.
detectors would start to suffer radiation damage after only a  Another way is to choose a good geometry. Even for
few minutes in this environmertas will be discussed in Sec. high-Z materials, the x-ray stopping depth is always consid-
V). erably larger than the range of an electron at the same energy
In a search for a truly reliable detector design to use inor below. We can overcome this problem by using a cathode
imaging systems for this application, we start with the as+that is not perpendicular to the incident x rays. For x rays
sumption that our detector must utilize only materials thatyhich stop and generate electrons after passing through a
are intrinsically immune to radiation damage. Vacuum phopath length ofL in the cathode, the distance to the cathode
todiodes are simple and robust detectors that can satisfy thigrface isL sin ¢ (see Fig. 1 By using a small value o,
requirement easily, since they can be b_uilt almos_t entirely oft should be possible to get more electrons per phaton
metal. They have been ugetfor detecting ultraviolet and_ higher quantum yieldfrom a photocathode.
ultrasoft x-ray photons from tokamak plasmas, but we will ™ 14 investigate how this could work in practice, detailed

sho_w_m the foIIowm_g sections how a special design can bg,,erical simulations were carried out to estimate guantum
optimized fqr detection of 1-100 keV x rays from ITER and yield as a function of material and geometry, taking into
from the Joint European TorugeT). account photoionized, Auger, and secondary elect(osisig
information from Refs. 4—B Figure 2 shows calculated

II. VACUUM PHOTODIODE CHARACTERISTICS yields for aluminum(Z=13) and tungstenZ=74) in the

The concept of the vacuum-photodiode detector is illus€nergy range of interest. Tungsten does far better than alu-
trated in Fig. 1. X rays impinge on a cathode in a vacuum, atminum above 10 keV, and the quantum yield increases
angle¢. Many of them interact with atoms in the cathode viastrongly at small anglegapproximately as 1/sig). The
the photoelectric effect, ultimately transferring their energyangle ¢ can be made quite small, but not arbitrarily so; be-
to photoionized electrons, Auger electrons, and secondafpw angles of about 1°, “grazing-incidence” reflection re-
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FIG. 1. Diagram of the cathode in a vacuum-photodiode x-ray detector. Vacuum Pressure (Torr)

duces the number of x rays that penetrate the cathode FIG. 3. Detector output vs bias voltage and vacuum pressure measured for
Wi lude th d h f d ) h tantalum cathode a=90°. The x-ray spectrum was from a copper-anode
e conclude t _aF a goo appro_ac or a detector t be operated at 35 kV without any extra filtering.
must have good efficiency for detecting x rays over the en-
ergy range 1-100 keV is to use a high-Z cathode oriented at ' ' _
a small angle to incident x rays. Most previous Vacuum_braSS formed into a 7.5 cm ID Cyllnder whose axis corre-

photocathode detector designs have used low-Z cathod&§onds to the rotation axis of the cathogerpendicular to
with ¢=90°. the page, in Fig. land mounted inside the vacuum vessel on

G10 standoff insulators. X rays enter through a;28-thick

polyimide window(nearly 100% transmitting for x rays of 5
ll. EXPERIMENTAL MEASUREMENTS keV and abovg and then pass through an aperture in the
cylindrical anode and hit the cathode. The chamber is con-

In order to verify that the above simulations will really . .
lead us to the right choice of cathode material and geometr;?eded to a roughing pump and a turbo pump via large-

a test detector was constructed. A% cm cathode was diameter flexible tubing.

mounted on a rod of G10 which passes through an O-ring .Electronics consist of an 'adjust'able-voltage bias supply,
seal on a stainless-steel vacuum vessel: a knob on the rg4SIMPle, two-stage preamplifier adjusted to have appropriate

end allows rotation of the cathode to any desired angle 92N (UP 0 5<10 V/A), and passband, and a digital oscillo-
The two cathodes tested are of tantal(ifs=73) and alumi- Scope.

num (Z=13) cleaned with solvent. The anode is a sheet of  Measurements of response to x rays were performed us-
ing a Norelco model 12045 x-ray source, which produces a

120 Hz output due to the use of a full-wave rectifier. Three
different x-ray tubes were used in the source, with anodes

Tungsten (Z = 74) made of chromium, copper, and molybdenum. It was pos-
: sible to obtain nearly monochromatic x-ray spectra by filter-
§ 01t ing out most of the bremsstrahlung radiation from the three
é tubes with manganese, copper, and molybdenum foils, re-
S 00141 spectively, leaving well-definel{ lines?
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FIG. 4. Measured photocathode yields compared to predictiong=@0°.

The error-box heights are partly from detector measurement errors and
mostly from uncertainties in the referenced SBD calibrations; the widths
represent approximate widths of the x-ray spectra used for the measure-
FIG. 2. Calculated photocathode quantum yield. ments.

Photon Energy (keV)
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FIG. 5. Measured detector output vs cathode arfglé tantalum cathode

was used, and the x-ray spectrum was from a copper-anode tube operated/d6. 7. Dimensions of the mount for each detector in the new JET x-ray

35 kV without any extra filtering. A small aperture over the detector window imaging camera, based on specifications supplied by(3E& Ref. 1D

was used to make the x-ray beam small enough to allow for a wide variation

in cathode angl€7°—909 without a change in the solid angle of detection. . .
cathode angleb (see Fig.  and x-ray tube currer(see Fig.

. Efficiency is essentially proportional to 1/s#f, as pre-

. 6
Detector response as a function of vacuum pressure arﬂicted, and the linearity of the detector response is excellent.

detector bias was measured for a tantalum cathode=80°,
as shown in Fig. 3. A vacuum of order 10Torr or better is
required for pure photoelectric performance, but an interestlV. A PROTOTYPE DESIGN

ing result is that extra detector efficiency can be obtained, if JET will be operating two series of D-T experiments
desired, by using a small amount of fill gas in the detectorover the next few years with 10 MW of fusion power. The
chamber. Amplification through avalanching in the gas is in'JET diagnostic team has designed a new x-ray detector
volved, and this phenomenon will be subjected to furtherarra);o,n using solid-state detectors which are heavily

study. Most (_)f the following measurements were made Wi“&hielded against stray neutrons and gamma fgys total
a detect06r bias of 100 V and a vacuum pressure of a feWs 1 gneration time will be short enough that the detectors
times 10 Torr. should not suffer fatal neutron-induced damag&/e use

Absolute detector efficiency at different x-ray energiesy,q;r jetector mount desigisee Fig. 7 as a focus for detec-

was measured by comparing detector output with the outpuh, jesign and theoretical evaluation with reference to a spe-
of a surface-barrier dioddSBD) of a type previously cific real-world application.

calibratedt. The results for a cathode angle £=90° are Figure 8 illustrates a detector prototype design for use in

shown in Fig. 4, superposed on quantum-yield curves calCypis mount, The cathode is made of a high-z material such as
lated as described in Sec. II. The 'measurgments for the ta'f'ungsten or tantalum in order to provide good response to x
talum cathode agree very well with predictions. The mea’rays above 10 keV. The cathode angledot4° is designed

surements for aluminum are slightly high, but this couldt0 provide an increase by a factor of about 15 in quantum

reflect the unknown purity of the sample or the presence of gia|4 gyer that obtainable with a cathode normal to incoming
surface oxide layer.

Detector response was also measured as a function of

vacuum
~
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0 5 10 15 FIG. 8. A detector concept for the JET x-ray imaging camera mount shown

in Fig. 7. The electrodes would be housed within a steel vacuum vessel, and
a suitable window(such as 0.1 mm or more of Baevould separate the
vacuum from the surrounding environment. The electrodes may be in the
FIG. 6. Measurements of detector linearity, using an unfiltered copper-anod®rm of two pairs of flat plates, seen here edge on; or the cathode may be a
tube at 35 kV and a tantalum detector cathodeatl2°. conical surface surrounded by a cylindrically symmetric anode.
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TABLE I. Vacuum-photodiode performance estimates, assuming the detec-

& VOEHS . #E;ézdrl:gi:\rt‘ic(:ﬁ'}?r?gt?ns) tor and collimator geometries shown in Figs. 7 and 8 for JET and the same
o 5 TOE+14+ — detector response (electrons) arrangement scaled in size for ITE@lote that the tabulated detector output
6§ & 10E+3 T is approximately independent of the distance of the detector assembly from
0§ B 10EM2+ the plasma, as long as the collimator penumbra is substantially smaller than
§ w e 1.0E+11 1 the minor radius. The plasma volume viewed goes as the distance squared,
S5 E- 1.0 E+10 + but the solid angle of the detector as seen from the plasma goes as the
88 ¢ 10E+00 1 inverse of the distance squargd.
‘?6 2 1.0E+08 |
3 1.0E+07 ] JET ITER
~ 1.0E+ i
1.0 406 1 10 100 1000 Te (keV) 10[1—(r/a)3>  20[1—(r/a)??
ne (10 cm™3) 0.7[1—(r/a)?1¥? 1.4[1—(r/a)?]*?
— 1.0E#15 —— ITER radiation (photons) Major radiusR 3m 8m
T 10Em4 T L Getecior respons (sleeiongy|  inor radiusa Lm sm
29 40ee13l P Detector outplit 4 nA 2000 nA
2s 1.0E+2 1 Detector photon statistics nofde  0.4% 0.02%
2 g 5 Detector electronics noig@ 0.02% <1 bit of 16
s e 1.0 E+11 1+
25 S 10E+10+ For a central line integral, assuming 0.25 mm Be filtering between plasma
a o !
8 § 1.0 E+09 + and detector.
53 1.0 E+08 + PFor 100 kHz sampling; noise will decrease if analog time constants are
2 1.0E+07 1 increased to appropriate values for lower sampling rates.
=~ 1.0E+06 —
1 10 100 1000
Photon Energy (keV) and 8 for JET, and the same arrangement scaled up propor-

tionately in size for ITER, we predict the performance shown
FIG. 9. Estimated continuum radiation spectra from the centers of the JETn Table |. The detector should provide good signal charac-
and ITER plasmas, and the response of the prototype detector design. Theristics for JET and excellent performance on ITER.

plasmas are assumed to have temperatures and densities as shown in Table I, Finally. we n h whil he v m oh i
with Z effective of 1.5, and a 0.25 mm Be window is assumed between ally, we note that e the vacuu photodiode

plasma and detector. Detector response is given in terms of the number should be_ essentially immune to ra}d|at|0n damage, silicon
electrons that would be generated if the detector could intercept all filtered ©letectors in the same detector collimator arrangements as-

radiation from the plasmémaging geometry is not includgd sumed here would start to suffer radiation damage from a
few thousand rads of neutrons within hours of operation on

radiation. A steel housing will act as shielding, and the packJET (10 MW fusion powey or minutes on ITER1000 MW

aging and circuitry will be designed to minimize output cur- fusion powey.

rents due to reaction products of neutrons created in the de-

tector structure. A low-noise, high-gain preamplifier using a

special field-effect transistqFET) input will be mounted in

its own shielded container fixed directly to the back end ofACKNOWLEDGMENT
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