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Neutral particle energy analyser based on

time of flight technique for EXTRAP - T2R

M Cecconello, S Costa*, A Murari*, A Barzon*

(* Consorzio RFX, Padova, Italy)

Abstract

An important and not well-understood problem in the Reversed Field Pinch configuration is the

anomalous ion heating. In all Ohmically heated RFPs, the ion temperature has been experimentally

observed to be higher than can be accounted for by equilibration of energy from an Ohmically-

heated electron population. The mechanism driving the ions to such high energies is still debated.

Different possible explanations have been investigated: kinetic Alfven waves turbulence, MHD

relaxation processes and the excitation of an ion electrostatic wave by supra-thermal electrons. The

measurement of the ion temperature is important in order to evaluate confinement. Furthermore,

measurements can provide information on the mechanism behind the anomalous ion heating.

The ion temperature is calculated from the neutral particles energy spectrum obtained by a

neutral particles energy analyser based on the time of flight (ToF) specifically developed for

EXTRAP - T2R and here described in detail.
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1. Introduction

An important and not well-understood problem in the Reversed Field Pinch (RFP) configuration

is the anomalous ion heating. In all Ohmically heated RFPs, the ion temperature has been

experimentally observed to be higher than can be accounted for by equilibration of energy from an

Ohmically-heated electron population. The mechanism driving the ions to such high energies is still

debated. Different possible explanations have been investigated: kinetic Alfven waves turbulence,

MHD relaxation processes and the excitation of an ion electrostatic wave by supra-thermal

electrons. It is of course necessary to measure the ion temperature in order to evaluate confinement.

Furthermore, measurements can provide information on the mechanism behind the anomalous ion

heating.

A typical technique to measure the ion temperature is based on the analysis of the neutral

particles that leave the plasma after a charge-exchange (CX) process. In this process, a low energy

neutral interacts with an energetic ion and exchanges the electron with it. As a result, the ion is

neutralised and can leave the plasma. This CX-generated neutral carries with it information on the

energy of the ion population in the region where the CX process has occurred. By the observation of

many CX-produced neutrals it is possible to determine their energy distribution function and hence

to deduce an ion temperature. Moreover, such a diagnostic provides information on the charge-

exchange (CX) fluxes of neutral particle and the power losses due to CX processes.

Neutral particle diagnostics are widely used in the fusion community and can be divide into two

categories: the Neutral Particle Analyser (NPA) and the Time of Flight (ToF). The NPA is based on

the re-ionisation, by means of a stripping cell, of the neutrals leaving the plasma. The ions so

produced are separated in energy and in mass by magnetic and electrostatic fields respectively. One

advantage of the NPA is the ability to discriminate between different masses (such as H and D). The

ToF is based on the measurement of the time of flight required for neutrals to travel a fixed

distance. From this information, the neutral particle velocity is easily obtained and if the mass is

assumed, the energy. The main advantage of the TOF is its good time and energy resolutions,

especially for low energy neutrals (E < 1 keV). A major drawback is its inability to distinguish

between different masses.

A schematic view of a ToF diagnostic is shown in Fig. 1-1. The basic operational principle of the

ToF is the measure of the time of flight t required for neutral particles to travel along a fixed

distance d (the flight distance). The neutrals leaving the plasma enter the flight path (a straight tube)

as a burst of particles, thanks to a chopper, and then travel to the detector. The chopper acts as a

shutter allowing the detector to be exposed to the plasma every 0.5 ms (the detector time resolution)

for roughly 2 JUS (the gating time tg). The detector-chopper distance defines the flight distance d.



When the shutter is open, photons enter the flight path and they reach the detector almost

instantaneously. The detector is sensitive to photons as well and therefore a very short photo-peak is

present in the output signal of the detector. The time difference between the times of arrival of

photons and of the much slower neutrals defines the time of flight t of the neutrals. Since the

neutrals are born in the plasma they have a velocity distribution function that resembles that of the

ions in the plasma. The burst of particles reaching the detector contains a range of particle energies.

Slow neutrals will require a longer time of flight compared to the fast neutrals: this is reflected into

the arrival time distribution (ATD), an example of which is shown in Fig. 1-2.
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Fig. 1-1 Schematic view of a ToF diagnostic: neutrals leave the plasma and enter the ToF through a
system of 2 slits (one stationary and one rotating at high speed). The neutrals travel along the flight tube
at the end of which the detector is positioned. The electronic current Ie(i) from detector (an electron
multiplier) is loaded on the resistor R to perform the current to voltage transformation. The voltage signal
is then fed into a waveform recorder.
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Fig. 1-2 Arrival time distribution (ATD) of neutrals leaving the plasma for a time of flight diagnostic.
The time of flight t is measured referring to the fiducial time given by the photo-peak. The photo-peak
duration 5t is also shown. The Y axes is not to scale: the photo-peak signal is usually much greater than
the neutrals signal.



In this report we described in detail the ToF diagnostic installed in EXTRAP - T2R and present

the first results. This report is structured as follow: section 2 describes the structure and layout of

the ToF; the vacuum system is presented in section 3; the study of the magnetic compatibility of the

ToF with EXTRAP - T2R magnetic fields is presented in section 4; the detector and the data

acquisition system are the subject of sections 5 and 6 while samples signals and results from the

first test measurements are presented in sections 7 and 8; in section 9 a summary of the ToF

characteristic is given.

2. ToF description

Roughly, the ToF can be divided in sub-units that are briefly described in this section: the

support structure, the chopper, the flight tube and the detector. A photo of the ToF diagnostic as

mounted in EXTRAP - T2R can be seen in Fig. 2-1. A schematic drawing is shown in Fig. 2-2.

The ToF location has been chosen in order to minimise interference with other diagnostics as

well as to provide an easy access to its different parts. The equatorial plane of EXTRAP -T2R is 2.7

m above the ground level and this has necessitated the construction of a support structure both close

to the experiment and at the detector position (left and right in the Fig. 2-1 respectively). In this

final layout, the distance between the slits of the chopper and the first dynode of the detector is 4.08

m and the solid angle under which the detector is seen from the slits is 7 x 10" sr.

Fig. 2-1 ToF and EXTRAP - T2R.
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Fig. 2-2 Schematic drawing of the ToF: the vacuum vessel (1), the poloidal and vertical magnetic
field coils (2), the chopper (3), pump units (4 and 5), the flight path (6), a pump unit (7), the detector
location (8), the XYZ translator (9) and the tower (10).

2. / Mechanical structure

A schematic drawing of the ToF can be seen in Fig. 2-2. The axis of the ToF is approximately

2.7 m above the floor and at the same level as the equatorial plane of the machine. The ToF is

aligned in radial direction looking towards the central leg of the iron core. The alignment has been

done with a laser and checked for every component added to the ToF, starting from the vessel. The



ToF is located in sector D, flange no 68 at 337.5° in toroidal direction. Starting from the

vacuum vessel the ToF structure can be divided in the following parts: the section that goes from

the vessel to the chopper (see Fig. 2-3), the chopper, the flight path, the tower and the detector.

•;.•:•• ^ v w - i i M r ••'• is-" .
i1-.. •••••!

: \

Fig. 2-3 ToF section close to the vessel (to the right).

The first section couples the ToF with the EXTRAP - T2R vacuum vessel. A ceramic break and

a bellow (both CF35) are placed between the CFIOO flange no 68 in sector D of the vessel and the

manual gate valve thus providing both mechanical and electrical insulation. The gate valve is fixed

between two poloidal magnetic field coils. A second bellow after the gate valve provides

mechanical insulation between the ToF and the coils. After this bellow a first 5-way cross is used

for mounting an electro-pneumatic gate valve and a pumping unit. Also, on one flange of this cross

a Swagelok diaphragm manual valve is mounted for venting. A second 5-way cross is mounted

between the first 5-way cross and the chopper on which an ionisation gauge and pressure

measurement gauges are mounted. The chopper is described in detail in section 2.2. Following the

chopper a CFIOO tee is mounted on which a CFIOO electro-pneumatic gate valve gives access to a

second pumping unit, these providing differential pumping in order to maintain a low pressure at

the detector. Between the chopper and the CFIOO tee, a CF35 bellow and a CF tube are mounted.

All these components, chopper included, are supported by specifically designed bench that is

mounted on the beam structure of the platform around the experiment thus avoiding any direct



mechanical contact with the machine. The remaining parts of the ToF are described in section

2.3 the flight path and 2.4 the tower where the detector is located.

2.2 Chopper

The chopper consists of two co-axial disks enclosed in a vacuum chamber. The rotating disk is

driven by a turbo pump motor with a frequency converter. The chopper chamber has a circular cross

section with an outer diameter of 30 cm (sealed by a standard CF250 copper gasket) and a thickness

of 5 cm. The chopper chamber is equipped with 2 CF40 portholes (non-rotatable), for each side,

placed at 180 degrees. One pair of the facing portholes is connected to the flight tube. The chopper

chamber is equipped with a linear drive feed-through mounted on the side. This feed-through is

used to insert/remove a V shaped metal plate in the line of flight thus reducing (increasing) the

brightness of the plasma.

Fig. 2-4 Rotating disk mounted inside the chopper vacuum chamber. The 20 slits are visible.

Inside the chopper vacuum vessel, two disks are located: the fixed disk and the rotating disk (see

Fig. 2-4). The non-rotating disk has 2 radial slits 180° apart. It is made of aluminium 3-mm thick

and has a diameter of 250 mm. The disk is positioned so as to have the 2 slits centred on the axis of

the CF35 portholes of the vacuum chamber. The slit along the line of flight is used as a collimator.

The two slits are equal with 0.15-mm width and 40-mm height. The rotating disk, made of
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aluminium 3 mm thick with a diameter of 240 mm, is placed just 3 mm behind the stator. The

motor spins it at 20000 rpm (333.3 Hz, nominal frequency). Lower rotating frequencies are possible

thanks to the frequency converter. The rotating disk has 20 radial slits (0.15-mm width and 40-mm

height) with an angular separation of 18°. The slits are machined up to the edge of the disk.

The rotating disk is driven by an air-cooled three phase asynchronous motor (Elettrorava M52-

25, 54 V, 333 Hz). The motor used is similar to the motor used in ordinary turbo-molecular pumps

and the outlet is pumped with a pump unit separated from the main pumping system of the ToF to

prevent back streaming of impurities.

2.3 Flight path and stray-light stops

The flight path consist of a 3 m long CF100 tube. One end of the tube is fastened to the CF100

tee while the other end is connected with the 4-way cross on the tower by a bellow and lays on a

special support. To avoid the arrival of stray particles and of stray light at the detector, a system of

stops is inserted in the flight duct (see Fig. 2-5). The stops are disks with a central circular hole. The

outer diameter of the stops must fit the CF100 flight duct while the inner diameter is 35 mm

(standard CF40). The stops are 1 mm thick. The disks are separated and supported by a system of

rods that renders the whole structure rigid. This structure is then inserted in the flight path and fixed

at one end of the flight path by means of a special CF100 copper gasket.

•gnrt&jfiglj!

<•£::.••• . A ; , 1 • • : • • « • i

Fig. 2-5 Flight tube and stray-light stops.
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2.4 Detector tower

The detector is located at the end of the ToF flight path (see Fig. 2-6). In order to provide a good

vacuum level, electrical insulation, alignment capabilities and mechanical stability to the detector a

support structure has been specifically designed. The main support consists of a stainless steel pillar

2 m high on top of which a small platform is mounted. Above this platform, a second and larger

platform is mounted by means of four screws that allow vertical adjustment. On this platform a

second structure is mounted to support a pumping unit and the detector itself. This special structure

acts as XYZ translator allowing fine adjustments in the ToF alignment. On top of this structure a

CF100 cross is present. One arm of the cross is connected to the flight tube while the opposite arm

is connected to a CF100 tube inside which the detector is placed. Between this tube and the 4-way

cross a Vespel gasket is used instead of a standard copper gasket to insure electrical insulation

between the detector and the rest of the ToF.

Fig. 2-6 The detector section of the ToF above the pillar. On the right there is the end of the flight
tube, while the detector is on the left. Pressure gauges are located above the 4-way cross, while the
pumping unit is under it.

12



3. The vacuum system

The ToF is separated from the vacuum vessel of EXTRAP - T2R by a manual valve that is left

open during an experimental session. As a consequence the vacuum level in the ToF must be

compatible with the ultra high vacuum level in the vessel (low 10" Torr range) to avoid

contamination of the plasma. At the same time, the pumping system of the ToF must be able to

pump efficiently during the fill gas puff phase in the T2 chamber to avoid the build-up of gas in the

flight tube between the plasma and the detector during a discharge. Such a gas build-up would act

as a stripping cell reducing the number of CX-neutrals reaching the detector. The vacuum system is

shown in Fig. 3-1. The valve separating the ToF from the vacuum vessel is labelled A. Between the

valve and the chopper there is a first pumping station in which a Varian V70-turbo is used together

with a fore vacuum Leybold Trivac 1.2. Between the turbo and the cross an electro-pneumatic CF63

VAT gate valve (labelled B) is used.

Between the turbo and the fore vacuum pump a Secuvac valve is mounted (labelled I) to avoid

oil diffusion from the rotary pump to the turbo. An ionisation pressure gauge is located at the same

position and it is used to monitor the pressure level between the chopper and the vacuum vessel. A

Swagelok DL diaphragm valve (labelled H), mounted in the same area is used as a venting valve. A

set of two pressure switch units is used as differential pressure unit to control the opening of the

gate valve. The exhaust from the motor of the chopper are pumped by a separated pumping unit (a

Varian V70-turbo and Leybold Trivac 1.2). A Varian V300-turbo and Leybold Trivac 5.0 are

located after the chopper (a Secuvac is mounted between the turbo and the fore pump). The turbo is

separated from the ToF by an electro-pneumatic VAT-100 (labelled C). An additional pumping

station is mounted at the detector position. A Varian V70-turbo and Leybold Trivac 1.2 are used

together with an electro-pneumatic VAT-100 (labelled D) and a Secuvac (labelled I). The pressure

at the detector is monitored by Leybold IR090 from atmospheric pressure to high vacuum.

In this configuration, the base vacuum pressure in the ToF is in the range 10"8 Torr. During the

discharges the filling pressure is about 2 x 10"3 Torr. With the differential pumping system, when,

when the valve to the vessel is open and the chopper disk is spinning, the base pressure is in the

range 10"7 - 10" Torr. In a previous configuration, the chopper motor was pumped by the V300

pumping unit through a metallic flexible. In this case, the pressure between the chopper and the

vessel increased above 10"6Torr (see Fig. 3-2).

13



Fig. 3-1 Schematic of the vacuum system
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Fig. 3-2 Time evolution of the base pressure in different positions along the ToF and in the T2 vessel
when the chopper motor was not equipped with a separated pumping unit.

4. Magnetic Compatibility

The poloidal magnetic field generated by the toroidal coils during a discharge can affect the

chopper and the detector (the toroidal magnetic field generated by the 64 TF coils has a negligible

effect outside the torus). As for the chopper, a strong magnetic field can slow down the rotation

speed of the rotating disk (or even stop it). As for the detector, even weak magnetic field (0.5

mTesla) affects the electron multiplication process.

4.1 Magnetic field at the chopper

The chopper must be placed as close as possible to the plasma surface in order to increase the

solid angle of the detector (the distance chopper-detector being fixed). This implies that the chopper

seats in regions where the magnetic field generated by the magnetic field coils and the plasma is not

zero. However, the motor of the chopper is not affected by magnetic fields less than 0.1 T (1 kG).

The magnetic field produced by the coils and the plasma, in a poloidal cross section (XY plane),

has been estimated by solving the Poisson's equation for the vector magnetic potential A:

\x dx dx ]i dy dy

where jz is the current density flowing in the coils and in the plasma and JI is the magnetic

15



permeability.
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Fig. 4-1 Contour plot of the magnetic field in a poloidal cross-section of EXTRAP - T2R. The black
regions indicate the position and size of the poloidal magnetic field coils.

The current density is assumed constant and the problem can be treated as a magneto-static

problem. The geometry of the problem is shown in Fig. 4-1. The VF (vertical field) coils generate a

negligible magnetic field compared to the one generated by the E coils (or by the plasma current).

The TF coils generate magnetic fields mainly in the plasma column and therefore they will also be

neglected. The only coils that enter the calculations are then the E coils. Each of the four outer coils

consists of 3 turns, each one carrying 10 kA for a total of 30 kA per coil. The cross-sectional area of

these coils is 4 x 10~3 m2 and therefore the current density is 7.5 x 106 A/m2. Each of the two inner

coils consists of 4 turns each one carrying 10 kA for a total of 40 kA per coil. The cross-sectional

area of these coils is 5.6 x 10~3 m2 and therefore the current density is 7.1 x 106 A/m2. The current

of the coils is directed out of the plane of the model. The plasma current, flowing in opposite

direction, is assumed to be 200 kA (corresponding to a current density of 2 x 106 A/m2). The

magnetic permeability of the plasma and of the copper conductors in the coils is assumed equal to

the magnetic permeability in vacuum JJLQ. The bounded region, where the problem is solved, is a

rectangular region of 1.5 x 1 m2 also show in Fig. 4-1. The boundary conditions used are the

Dirichlet conditions assuming a zero vector magnetic potential at the boundary. Equation (4.1) is

then solved with the finite elements method in each block of a 198 points mesh. The flux density so

calculated is shown in Fig. 4.1. The magnetic field intensity ISI along the axis of the ToF and the

16



chopper motor is shown in Fig. 4-2. From this figure it can be seen that 151 is always less than 1

kG (0.1 T) for r 2* 1.7 m. However, the vertical distance between the upper and lower outer E coils

is less than the chopper size and therefore the chopper must be placed outside the edge of the outer

E coils, which is at r = 1.8 m.

b

0.20

0.15

0.10

0.05

0.00

along the ToF axis
along the motor axis

1.5

radial direction (m)

2.0

Fig. 4-2 Magnetic field along the ToF axis and the chopper motor axis. The major radius is 1.24 m.

4.2 Magentic field at the detector

The electron multiplier is very sensitive to magnetic fields (a 5 G magnetic field can reduce the

relative output up to 50 %). The magnetic field intensity at the detector position (approximately 4 m

from the outer E coils) can be assumed negligible. The estimate of the flux leakage from the second

leg of the iron core to the detector position is quite difficult. A rough estimate indicates 10 G as the

maximum intensity that can be expected in both positions described in section 2.

4.3 Experimental observations

No effect has been observed either on the chopper or on the detector during plasma discharges.

5. The detector and the HV power supply

An electron multiplier tube (EMT) detects the neutral particles. As the neutral particles impinge

on the first dynode, secondary electrons are emitted and then multiplied with an overall gain G. This

"neutrals" current is then converted into a voltage signal by loading the detector anode on a
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resistance.

• *r*i IF1 *

1.1 iimtl _ 1 '

Fig. 5-1 The detector and the support structure. The electric feed-through is also visible on the CF100
flange. The detector will be mounted inside the soft-iron magnetic shield.

The detector employed is the head-on electron multiplier Hamamatsu R595 (Fig. 5-1). The

choice of this model is based on its fast recovery time (about 5 /us) after the photo-peak. The

sensing area is 10 x 12 mm2. The EMT is equipped with 20 stages (box-and-grid type) separated by

1 Mfl resistor. Each stage consists of a quarter cylindrical Cu-BeO dynode. The detector is supplied

from the factory enclosed in an evacuated glass tube (10"4 Torr). The typical current amplification

(G) for this EMT is in the range 104 - 109 depending on the applied voltage (see Fig. 5-2). The

applied voltage varies in the range 1.5 to 5 kV.

The detector is mounted inside a double magnetic shield. The outer magnetic shield is fixed to a

CF100 flange thus assuring that the detector window is on the ToF axis. The assembly of the

support and the magnetic shields has been done in RFX. The CF100 flange is then inserted on the

CF100 4-way cross at the end of the flight tube. The same flange is also equipped with a 10-pin

electrical feed-through for the powering of the detector and the signal output. Of the two magnetic

shields one is made of permalloy, 1 mm thick, (relative permeability up to 105) and the other is

made of soft iron, 3 mm thick, (relative permeability up to 2000). The permalloy magnetic shield

case for the above EMT is the Hamamatsu E989-05. It consists of a cylinder 130 mm long with an

outer diameter of 61 mm. The magnetic shield is mounted co-axially with the detector. Before the

insertion of the detector inside the magnetic shield, its entrance window has been removed. The

18



glass has been cut with a hot wire wound around the head of the detector. The exposure to air

contaminates the dynodes thus reducing the gain. The exposure to air has been limited to a couple

of hours required for the glass cutting, the mounting and the pumping down of the ToF thus

significant changes of the gain are not expected. Changes in the gain can affect the estimates of the

neutral fluxes while they do no affect the measurement of the ion temperature since it is a relative

measurement.

108

10'

106

105

, «4

1 ' •

r

r

: •

•

r •

1 1 I

•

• • 1
• ;

•
• -

• ;
• ;

•
•

-

i . . . i i • . . . i

-1.5 -2.0 -2.5

applied voltage (kV)

-3.0

Fig. 5-2 Electron multiplication factor of the EMT as a function of the applied voltage (data supplied
by the manufacturer for a sealed detector).

A main concern about the detector is its ageing due to the exposure to the photons from the

plasma at each opening of the slits. At RFX the same detector is exposed to the plasma typically

300 times per shot (typical shot duration is 150 ms and 500 fjs is the time interval between two

ATDs): under such conditions the detector has been operated without any significant sign of ageing.

In EXTRAP - T2R, the detector is exposed to the plasma for, at most, 100 times per shot (typical

shot duration is 15 ms and 150 //s is the time resolution). Consequently, no significant ageing of the

detector can be expected.

The typical operating voltage of the EMT is -3 kV. The output of the EMT is extremely sensitive

to the applied voltage. Even small variations in the applied voltage can greatly affect the

measurements. Therefore a highly stable and low ripple high-voltage power supply is required. The

power supply employed is the HV-DC PS350 model by Stanford Research System. This power

supply is characterised by an output voltage in the range ± 5 kV with a maximum output current of
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5 mA. The output ripple is less than 0.0015 % of full scale and the stability is 0.01 % per hour.

A negative high voltage is applied to the cathode (GRID, see Fig. 5-3) and the electrons are

collected at the anode (P). The 20 stages (DYl - DY20) are supplied by a voltage-divider circuit

consisting of series-connected resistors.

1M0hm

GRID DY1

6

DY2 DY20 SH GND P

Fig. 5-3 Schematic drawing of the voltage-divider circuit of the detector: DYl - DY20 dynodes, SH
and GND ground, P anode, GRID HV pin.

(A)

DY2

DY20

GND

SH

GRID

DY1

(B)

DY3

Fig. 5-4 Detector base pins (A) and multi-pin connector (B). In black the pins that are actually used.

The detector base presents 8 pins but only four are actually connected to the electrical feed-

through (see Fig. 5-4 (A)): the GRID, P, SH and DY2. The pin SH provides the ground reference

while DY2 can be used in case the resistor between DYl and DY2 is damaged. The HV is applied

through the electrical feed-through from the HV power supply using a double shielded RG58

coaxial cable together with a multi-pin connector (the used pins are shown in Fig. 5-4 (B)). The pin
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correspondence is: GRID - C, P - E and SH - G. With an applied voltage of -2.5 kV the

current drawn is 128 mA, while with an applied voltgae of -3 kV it is 154 mA. The detector is

normally operated at -3 kV with a gain G = 1.5 x 108.

6. Data acquisition

The typical current output of the electron multiplier is of the order of 10 - 40 yuA. The EMT, for

low output current levels, behaves as an ideal constant-current source. The connection with any

external circuit, with voltage inputs, requires the current-voltage transformation of the signal. This

signal must be then transferred to the waveform recorder located 15 m away from the detector. To

avoid pick-up of electric noise, a double-shielded coaxial cable is used and a careful choice of the

grounding has been done. The signal is then acquired and stored in the EXTRAP - T2 database. An

output buffer, located in the proximity of the detector, powers the signal to be driven along the 15 m

cable.

In section 6.1 the choice of the load resistance is discussed. In section 6.2 the current buffer.

Section 6.3 is devoted to the grounding of the ToF while the data acquisition is presented in section

6.4.

6.1 The load resistance

The choice of the load resistance RL is based on two opposing goals, i.e. to have a good signal to

noise ratio, which requires a high RL, and a small RLCS constant time, which requires a small Ri. If

the RLCS constant time is large, pulses corresponding to the detection of neutral particles of different

energies may overlap thus distorting the ATD function. Moreover, a large RLCS constant time might

result in the masking of the fastest neutral particles under the photo-peak. Since there is no control

on the EMT stray capacitance, the RLCS constant time is selected by selecting an appropriate load

resistance. An example of the ATD for two different values of the load resistance is shown in Fig.

6-1. It is possible to see that the discharge (#9923) in which RL = 2190 Q is characterised by a

slower decay time seen both on the photo-peak and on the ATD signal compared with the discharge

(#9845) in which RL was set to 476 Q,. The two signals are normalised each by its peak value. It is

also interesting to note that the noise level in discharge #9923 does not increase with the load

resistance, implying that most of the noise is not due to the detector. A load resistance of 476 Q has

been therefore selected.
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Fig. 6-1 ATD signals for two different values of the load resistance.

6.2 The output buffer

The signal from the detector is sent to a buffer amplifier (LHO033, National Semiconductor) that

is designed to provide high current drive. The LH0033 is a wide-band (DC to 100 MHz) unity gain

buffer amplifier specifically designed to drive coaxial cables with a high input impedance (1010 Q).

A schematic view of the circuit is shown in Fig. 6-2. Current limiting resistors (Rl, R2, R3 and R4

of 8.2 kQ, 560 fcQ, 150 kQ and 150 k£2 respectively) are used to protect the device from excessive

peak load current or accidental short circuit. Power inputs are bypassed with 0.1 jiF capacitors (C2,

C3 and C4) to prevent oscillations. The output collectors are bypassed with 0.01 jiF capacitor (to

prevent output stage resonant oscillations). The 43 Q. resistor (R5) is used as a matching resistor for

the coaxial cable. Pins 6 and 7 of the buffer are shorted to have a fixed offset voltage. The supply

voltage is 24 V (V+ - V"). Particular attention must be paid to the supply voltage of the buffer. In

order to reduce the noise level, the buffer is powered by two rechargeable batteries (12V, 3Ah) that

are disconnected from other circuitry. The current buffer and the batteries are placed as close as

possible to the detector inside an electric shield (see Fig. 6-3).

The signal is then transferred to the waveform recorder by means of a coaxial cable 15 m long.

The coaxial cable is terminated on a resistance equivalent (50 Q.) to the characteristic impedance of

the coaxial cable to ensure distortion-free transmission (no signal reflection).
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Fig. 6-2 Schematic of the current-to-voltage conversion and of the output buffer. The anodic current
(P) is converted into a voltage by a load resistance (Ri). The signal is fed into a current buffer whose
output is fed into a coaxial cable by means of a matching resistance (R5).
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Fig. 6-3 Picture of the batteries (A) used by the output buffer (B) to power the signal from the detector
to the waveform recorder by a double-shield coaxial cable (also visible in the picture).
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6.3 Grounding of the ToF

The signal output from the detector is very small (20 mV typically). In order to obtain high

signal-to-noise ratio, the noise sources must be as small as possible. The main sources of electrical

noise are due to noisy electric power transformer, high voltage power supply and rapid variations of

the magnetic flux. In order to reduce the noise level appropriate shielding and grounding are

required. Electrostatic shielding prevents interference from rapidly varying magnetic fields.

Appropriate grounding avoid the presence of ground loops.

r

GRID

FLANGE •-

GND •-

HV

r

P •-

LH033

+ O -

135.

€>

€>
en
UJ

LLJ
O

L
CAMACRACK

J

Fig. 6-4 Schematic of the grounding for the ToF detector, power supply and data acquisition.

The ToF is electrically insulated from the EXTRAP - T2 vessel by a ceramic break. The ToF

can be then divided in two parts. The first part goes from the ceramic break to the Vespel gasket and

includes the chopper and its motor, all the pumping units and all the pressure gauges. This part is

grounded together with the ground of the EXTRAP - T2 pumping system. The second part, from

the Vespel gasket to the waveform recorder, includes the detector, the current buffer, the HV power

supply of the detector and the waveform recorder itself. This part of the ToF is grounded with the

Camac rack that is powered by an isolation transformer. The scheme of the ToF grounding is shown

in Fig. 6-4. The reference ground is inside the Camac rack and it is in common with the HV power

supply, the Joerger chassis and the CF100 flange on which the electrical feed-through is mounted.

The external shield of the double-shielded coaxial cable used for the signal is also connected to the

same ground but its termination at the detector is left open to avoid ground loops. The inner
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conductor of a double-shielded coaxial cable connected the HV power supply to the GRID pin,

while the innermost shield serves as a reference and is connected to the GND pin. The signal from

the anode (P) together with the reference signal are fed into the current buffer (LHO33) which is

powered by two batteries. The reference and the anode signals are then fed into the Joerger

waveform recorder by means of a 2-pin Lemo connector into a differential input which is insulated

from the Joerger chassis.

6.4 Data acquisition

The ToF signal is acquired and stored by the 3 MHz (sampling frequency vs), 12 bit transient

recorder Joerger TR612/3 equipped with 128 Ksample of memory with a differential input of 1 MQ.

impedance. The address of the signal is: Camac module #5, slot #13, channel #1. The number of

samples stored per shot is 65 Ksample enough to record 22 ms discharges. Two signals are stored in

the T2DATA$ database: TOF and TOF_TM corresponding to the voltage and the time signals (in V

and s). The trigger to activate the acquisition is given by the Jorway CH10, 1 ms before the

discharge (name TRIGJTOF).

7. ToF signals

The ToF signal for discharge #10111 is shown in Fig. 7-1. The discharge is characterised by a

peak current of 116 kA and density of 1.5 x 1019 m"3. The photo-peaks are clearly visible from the

very beginning of the discharge till the end. The electrical noise on the signal is approximately 5

mV (see Fig. 7-2).

A closer look at the ATD signal is shown in Fig. 7-3, where three photo-peaks are visible

together with peaks due to the detection of neutral particles. The signal shown in Fig. 7-3 is a

typical signal. Its main feature is the absence of a "continuous" ATD signal as observed in RFX

after each photo-peak. However, the expected ATD signal emerges if several ATDs are averaged.

For example, the ATD shown in Fig. 7-4 is the time- and shot-averaged of ATDs between 2 and 3

ms for discharges #10108 - #10117, for a total number of approximately 60 ATDs.

In Fig. 7-5 the time separation At between the photo-peaks for discharge #10117 is shown. The

time separation is At = 152.0 + 0.8 jis and the corresponding rotation velocity of the disk is 19700 ±

100 rpm.
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Fig. 7-1 ToF signal in EXTRAP - T2: the photo-peaks are clearly visible as vertical spikes.
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Fig. 7-2 Electrical noise in the ToF signal.
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Fig. 7-3 Typical ToF signal: three photo-peaks are clearly visible. After each photo-peak additional
peaks, corresponding to the detection of neutral particles, can be observed.
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Fig. 7-4 Time- and shot-averaged ATD.
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Fig. 7-5 Separation in time between photo-peaks for a discharge.

8. Estimate of the ion temperature

The ion temperature is estimated for the time- and shot-averaged ATDs presented in the previous

section. The shot-averaged plasma current and electron density are shown in Fig. 8-1. The ion

temperature estimate is obtained by linear interpolation of the G(E) function in the energy interval

200 eV - 2 keV. The result of the least-squares fit is shown in Fig. 8-2 where the experimental

errors in the evaluation of the G(E) function are also shown. The G(E) function shown in the figure

is calculated on the ATD shown in Fig. 7-4. In Fig. 8-3 the ion temperature and the CX neutral flux

evolution during the discharge are reported.
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Fig. 8-1 Traces of shot-averaged density and plasma current for discharges #10108 - #10117.
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Fig. 8-2 G(E) function for the time- and shot-averaged ATD signal at t = 2.5 ms.
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Fig. 8-3 Time evolution of the ion temperature and the CX neutrals flux for the time- and shot-
averaged discharge shown in Fig. 9-1.

9. ToF facts and figures

In this section the relevant parameters concerning the ToF are listed.

9.1 General properties

flight distance

maximum time resolution

opening time of the slit

maximum neutrals energy

minimum neutrals energy

number of samples per shot

base vacuum pressure

9.2 Vacuum system

pumps

4.08 m

1 5 0 jUS

3yUS

3keV

10 eV

65 Ksample

<10"7Torr

3 TM Varia

1 TM Varian V300 HT
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3 forepump Trivac E D1.2

1 forepump Trivac E D5

9.3 Chopper

dimension

mounting

number of disks

number of slits

slit dimensions

rotating speed

cooling of the motor

maximum magnetic field

5 cm thickness x 30 cm diameter

97.5 mm off-axis

2(1 stator + 1 rotating disk)

2 on the stator disk

20 on the rotating disk

0.15 mm wide x 40 mm high

333 Hz (2 x 104 rpm)

air cooling

0.1T(103G)

9.4 Detector

electron multiplier

max supply voltage

HV power supply

detector area

detector material

approximate solid angle

maximum magnetic field

Hamamatsu R595

5 kV (DC)

SRS PS350

10 x 12 mm2

Cu-BeO

7 x 10"6 sr

less than 5 G

9.5 Data acquisition

waveform recorder

sampling frequency

vertical resolution

memory

channels

JoergerTR612/3

3MHz

12 bit

128 KSample

1 two-pin LEMO (differential input)
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Neutral particle energy analyser based on

time of flight technique for EXTRAP - T2R
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Abstract

An important and not well-understood problem in the Reversed Field Pinch configuration is the

anomalous ion heating. In all Ohmically heated RFPs, the ion temperature has been experimentally

observed to be higher than can be accounted for by equilibration of energy from an Ohmically-

heated electron population. The mechanism driving the ions to such high energies is still debated.

Different possible explanations have been investigated: kinetic Alfven waves turbulence, MHD

relaxation processes and the excitation of an ion electrostatic wave by supra-thermal electrons. The

measurement of the ion temperature is important in order to evaluate confinement. Furthermore,

measurements can provide information on the mechanism behind the anomalous ion heating.

The ion temperature is calculated from the neutral particles energy spectrum obtained by a

neutral particles energy analyser based on the time of flight (ToF) specifically developed for

EXTRAP - T2R and here described in detail.
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