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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. '
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INTRODUCTION

This Operating Guide presents practical information for assembly, mounting, and
operation of an LBL long pulse {on source. The presentation is sequential, assuming the
source: Is new. where possible, the sections have been made éel_f-sufficient. This Guide

was prepared as one part of the report on 80 kV, 30 second testing for the MFTF-B

Project.1 The Gulde provides detalled information about the LBL 10 X 40 cm Advanced
Positlve Ion Source (APIS), which served as the prototype for the 12 x 48 cm Common
Long Pulse Source (CLPS) designed for MFTF-B, TFTR, and Doublet. A significant

amount of the information In this guide Is taken from the Operating Guide for LBL.

4-Grid Ion Sources.2 Some details are specific to the APIS, but many of the procedures

- should carry over to the production Common Long Pulse Source (CLPS)

Tne APIS accelerator is a radiation hardened design, and is called the Long Pulse

Accelerator (LPA).3"‘ The LPA was designed for up tp 150 keV operation in a reactor

“environment. It has a ceramic insulator and a hard brazed insulator stack. Compatability

- with TFTR required bringing in the grid cooling water at the narrow end of the

insulator, and using some ccrona rings as water manlfqlds.

The APIS plasma generator 15 an arc chamber, called the Long Pulse Source
(LF'S)',5 which is generically an anal line cusp magneﬁc bucket. The LPS was
specifically intended to meet MFTF-B requirements: 30 second deuterium operation; 2

80% atomic fraction; and a filament lifetime of 8 X 10° full power shots. The actively
cooled backplate serves as both (partial) anode, and as a dqump for backstreaming
electrons from the accelerator. High deuterium species and long filament life reguired

minimizing the total ancde area, with the result that anode must be added for hydrogen



opera_tion.. To add anode, the probe plate was connected to'.anode,'wim 80 millichms of
series resistance to limit the current. Filament lifetime is enhanced by running

- emission limited;' with arc voltage 2 60 volts and < 100 voits.

| | Most of the following procedures, as well as the results presented in Section
12, were obtained with ‘tne- LLPA, gapped for and operated at 80 kv, 40 -Amps Deuterium
on the Neutral Beam Engineering Test Facility (NBETF). NBETF, illustrated in Figure 1,
is a long pulée test facility equipped witn several diagnostics for analysis of beam
characteristics. The quoted beam characteristics of the LPS/LPA »were measured on

NBETF. A picture of the source as mounted for testing is shown in Figure 2.

D}



CBB 839-8012

Figure 1. Schematic of the Neutral Beam Engineering Test Facility (NBETF) with major
pbeamline sections identified.



CBB 825-4310

Figure 2. Picture of the LPS/LPA mounted on NBETF, with all mechanical and
electrical connections made.



KEY DEFINITIONS

DIVERGENCE

At LBL, beam’ divergence is measured by two types of diagnostics, calorimetric
and optical. Overall beam power is measdred from heat pattern on a calorimeter. The
calorimeter data are then least squares fit to the heat profile expected for a beam
made up of beamlets with Gaussian distribution of angular divergence at the location of
the source. The quoted divergence angle is the 1/e half angle of the model Gaussian
beamlets which gives the best least squares fit to the data. |

The divergence of the various atomic and molecular components of hydrogen or
deuterium beams are measured by the Optical Mass Analyzer (O.M.A.), discussed in
Section 12. For the OMA, a least squares fit of the observed width of Doppler shifted
spectral lines is compared to the line shape expected for a bear;w formed from beamlets

with Gaussian divergence.

EMISSION LIMITED CATHODE

Arc operation in which the arc current is limited by cathode emission is
called “emission limited". Electron emission is determined by the filament temperature,
which is operationally set by the filament heater current. As the filament heater
current is increased, both the filamen_t temperature and arc current increase. The Long
Pulse Plasma Source (LPS) discussed here is operated emission limited.

The alternative to emission limited is called “space charge limited”
operation, which is used in LBL field-free sources. In space charge limited arc

operation, the filaments are "over heated", in the sense that the filaments can provide



electrons at a faster rate than the electrons can cross the plasma sheath; this limiting
rate of electron emission across a plasma sheath is called the Child-Langmuir current.
Thus, a space charge limited filament is insensitive to changes in the filament heater
current. To be space charge limited, tﬁngsten must be relatively hot, which increases
evaporation and reduces lifetime. In practice, a space charge limited filament has some

limited response to filament heater current, because the emitting area can change.

PERVEANCE
The Child-Langmuir law states that there is a simple relationship between

accelerator current and voltage for optimum performance:
1=pVv3/2

The constant P, called the perveance, depends on the source geometry and grid gap
spacing. Perveance also depends on the mass of the extracted ions, but this is

frequently ignored in day-to-day operation.
"Optimum perveance” is that ratio, 32 - Po. for which beam divergence is
a minimum. For a given accel voltage, if the piasma level is such that I < P0V3/ 2, the

accelerator is sald to be “underdense”. If I > P0V3/2, the accelerator s said to be

“overdense”. (See Section 11 (F) for further discussion.) Accelerators of the type

discussed here typically have a perveance of several x 10'6, which is usually written in

abbreviated form as, e.g., 1.7 ppervs.



1. LPS DESCRIPTION

The long-pulse plasma source is shown in Figure 3; labeled parts of the LPS are
shown in Figure 11, Section 2. The plasma chamber, shown in Figure 4, has a Cross
section of 24 cm x 56 cm, and is 32 cm deep. It consists of a stainless steel
reinforced, copper walled “magnetic multipole bucket" anode, lined with an axial array
of 36 rows of samarium cobalt permanent magnets spaced between cooling channels.
Thirty four filaments are used; each is 16-cm-long, 1.5-mm diameter tungsten, 'shaped in
a "pent hairpin* configuration, as shown in Figure 5. The fllaments are mounted on the
water-cooled filament sandwich, shown in Figure 6, in a “racetrack" arrangement. The
filament sandwich has a 3 cm thick copper spacer plate (electrically isolated with
kapton on each side) between it and the bucket wall rear flange, and a 2 cm thick
copper spacer plate (electrically isolated with kapton on each side) between the
sandwich and the backplate. Recently, electrical grade 0.3 mm mylar has been
substituted for kapton. The mylar is mechanically stranger, and the added thickness
makes it less susceptible to shorting.

In the development source described here, 0.5 mm molybdenum shields covered
the surfaces of the filament sandwich, as shown in Figure 6. The shields, which are |
radiatively cooled, reduce arc spotting by keeping plasma from the copper surface
(cathode potential) and the insulator gaps. They are mechanically attached to the
positive filament plate.

The actively cooled copper back plate, called the “electron dump”, is shown in
Figure 7. The back plate serves both as a dump for backstreaming electrons, and as part
of the anode area. Located behind the water cooling channels in the electron dump are

56 samarium cobalt permanent magnets. The arrangement is illustrated in Figure 8,



with a central row (at one polarity) and a loop row (at opposite polarity) on the border
of the 10 cm x 40 cm region. The magnets should be checked to insure the proper
polarity. Any magnet orientated in the improper direction affects the plasma profile
adversely. The magnet plate bolts to the rails located behind the water-cooling channels
in the electron dump. The installed magnet plate is shown in Figure 7. Mounted on the
front bucket flange is a 2 cm thick copper probe plate, shown in Figure 9.

The probe plate provides mounting space for six water-cooled probes which are
used to determine plasma uniformity. A water-cooled probe is illustrated in Figure 10.
The probe plate is also used to provide additional anode when necessary, e.g., during

hydrogen operation.



CBB 830-10095

Figure 3. Picture of the long pulse plasma source (LPS). The fixture at the bottom is
used to hold the source vertical when it is removed from the accelerator.
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 XBB 849-7054

Figure 4. Picture of the plasma chamber (also called arc chamber), with some of the
magnets and iron backing plates removed, to show the water cooling channels.
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Figure 5. Picture of a 1.5 mm tungsten filament showing the "bent hairpin®
configuration and a molybdenum chuck.
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XBB 849-7055

Figure 6. Picture of the filament sandwich with the filaments installed. The moly
shields, shown mounted on the positive filament plate, were the 0.5 mm experimental
version. Due to excessive warping of these shields, a newer version, using 3.2 mm moly
plates, was used on NBETF.
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Figure 7. Picture of the actively cooled copper Electron Dump with the Back Plate
magnets installed. This Back Plate is also used as partial anode.
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XBB 849-7053
Figure 9. Picture of the water-cooled Probe Plate.
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2. LPS ASSEMBLY PROCEDURE

The LPS is assembled by bolting together subassemblies, then forming the entire
plasma chamber from the subassemblies.
The parts of the LPS, illustrated in Figure 11, are:
1. Probe Plate
2. Magnetic Bucket
3. Forward Copper Spacer
4. Filament Negative Plate
S. Fllament Positive Plate
6. Rear :Spacer
7. Backplate (Electron Dump)
8. Backplate Magnets
9. Current Sheets
10. Kapton Gaskets
11. Molybdenum Shields
12. 1.5 mm Tungsten "Bent Hairpin" Filaments
when assembling the source, it is important to ensure that all the parts are clean
and free of any debris. One of the problems encountered in using kapton gaskets
between the plates is that debris (metal chips, lint etc) clings to the kapton. If the
debris is metallic there is a good possibility of developing a short between two plates,
due to possilbe penetration of the kapton. This often occurs after the source is under
vacuum. Since kapton has been a problem, alternative insulators, such as electrical
grade mylar, are being investigated.

The Probe Plate is bolted (with electrically insulating bolts) to the front Magnetic

] P



Bucket flange with a 0.12 mm Kkapton gasket in-between, forming one of the
subassemblies. This should be checked with an ohmmeter to be sure the Probe Plate is
isolated from the Magnetic Bucket. _

The next subassembly is the Filament Sandwich which consists of the Forward
Copper Spacer, kapton gasket, Filament Negative Plate, another kapton gasket, and
Filament Positive Plate. These parts should be bolted tightly together with electrically
insulating bolts, then checked with an ohmmeter to ensure that there are no shorts
before installing the filaments. The Forward Copper Spacer should not be shorted to the
Filament Negative Plate since it is intended to be an electrically floating element of
the source. Likewise, there should be no short between the + and - Filament Plates.

Once the Filament Sandwich is assembled the moly shields can be
‘installed. The moly shields are connected on some of the positive filament chucks.
Additional moly shields (with a lip) are attached to the Forward Spacer. Another check
for shorts is then performed, in addition to a visual inspection of the moly shields, to
see whether any one of them is close enough to cause a short.

The next step is to install thirty-four 1.5 mm tungsten filaments. The filament is
held via spring action of the split chuck. Be sure that the filament fits tightly in the
filament chuck, and that it is snug against the copper insert in the chuck. Avoid lateral
forces which may overstress and mechanically yield the sections of the chuck. The
filaments are orientated in a "racetrack" configuration, i.e., the bent over portion of
each filament faces in the same direction as the filament preceeding it, all the way
around the perimeter of the filament sandwich. The filaments are strategically
positioned in the source so they are protected from backstreaming electrons, if the
source is operated without the Backplate magnets. The Filament Sandwich is now ready
to be bolted, with insulated bushings, to the rear Magnetic Bucket flange, with a kapton

gasket in between.
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The third subaésemnly is the Rear Spacer, kapton gasket, and Electron Dump.
These parts are bolted together, checked for shorts, then bolted, with insulated bushings
and a kapton gasket in between, to the Filamen; Sandwich. The Backplate magnet plate
can be boited to the Electron Dump, now, or after arc conditioning (Section 10 (A)).

The entire LPS Assembly is now ready to be attached to the LPA, with insulated
bushings and a kapton gasket between the LPS and the LPA.

Another ohmmeter check should be done with the source under vabuum, before
attaching the Current sheets, M.0.V.-Diode Circuits, and connecting up the water lines

and electrical connections.
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3. LPA DESCRIPTION

The 10 X 40 cm LPA accelerator is shown in Figure 12. The 80 kV gaps are
lllustrated in Figure 13. In this form, it delivered 40.5 Amps (deuterium) at optimum
perveance. Each of the four grid assemblies consists of an array of forty-four shaped,
water-cooled molybdenum tubes, with a wall thickness of 0.5 mm. Layouts of the grids
are shown in Figures 14 and 15 in Section 6. Grid transparency is 60%.

The insulator assembly consists of brazed alumina sections, with corona shields.
In the LPA, these shields also served as water manifolds to route the water to the grid
tubes In order to meet TFTR space constraints. Grid water is split into halves, in the
long dimension, 1.e., each of the four grids has two separate cooling circuits. Heat loads
are measured on each half of‘ each grid, which provides a minimal check of plasma
uniformity. The grids were designed assuming a uniform heat load of 2 kwW/rail. The
heat loads are measured by water flow calorimetry, using the computer program in
Appendix 1.

21~
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Figure 12. Picture of the long pulse accelerator (LPA)
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4. LPSAPA MOUNTING PROCEDURE

4 (A) HANDLING TECHNIQUES

The brazed construction of the LPA ceramic insulator stack requires certain

handling techniques when mounting the accelerator to the beamline. To ensure that the

accelerator brazed alumina joints are not stressed while installing the LPA, we use a

dynamometer. The following procedure is used to mount the LPA to the NBETF

beamline:

Install the lifting fixture on the accelerator.

Place a dynamometer between the lifting fixture and the crane hook.
(weight of the prototype LPA with lifting fixture is 300 pounds). The
‘dynamometer will register the weight of the accelerator and lifting
fixture.

Clean all surfaces of the accelerator. Check the o-rings and the o-ring
grooves. Grease the o-rings with minimal amounts of vacuum grease as
excessive grease could contaminate the accelerator.

Bolt the front flange of the accelerator to the matching surface of the
beamline.

Before the LPS can be mounted to the LPA, the accelerator must be
supported. (A heavy duty lab jack is used for this purpose on NBETF)
Caution must be used so that at no time is a shear load applied to the
accelerator by this support. Place the jack under the flange of the LPA
that the LPS will be bolted to. Never place the support against the

ceramic surface of the accelerator. Make sure that the support is just

touching the flange and not applying pressure, by adjusting the jack

-24-



screw until the dynamometer registers a reading of zero.

6. Wwhen the dynamometer registers the correct reading with the support
installed, remove the crane, dynamometer, and lifting fixture from the
accelerator.

7. At this point the LPS can be bolted to the accelerator. Pick up the
LPS with the crane. Move it into position for mounting and install the
bolts to mount it to the LPA. Avoid introducing any forces on the
accelerator while mounting the LPS.

8. CAUTION : Don't remove the crane from the LPS or the support from
the accelerator until the entire unit is under vacuum. |

9. when venting the accelerator, either intentionally, or on an up to air

accident, the support should be reinstalled immediately.

After the LPS/LPA is mounted on the beamline, recheck the spacer elements with

an ohmmeter to be sure that no shorts have developed during handling.
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4 (B) PUMP_DOWN AND LEAK CHECK

Connect the gas valve to the source. Make sure the valve on the gas bottle is
closed. Polyethylene tubing is used between the source gas valve and the gas bottle to
isolate the bottle from high voltage. This line should be evacuated, after installation, to
eliminate any contaminants. It can be pumped out when the entire LPS/LPA is pumped
down, by activating the source gas valve 5 or 6 times with the gas bottle valve closed.

Pump down the source and accelerator on the beamline. Again check fbr shorts.
Sometimes a short develops when the system is under vacuum, and a quick check at this
time may save having to remove water lines and electrical connections. When the |
LPS/LPA is under vacuum, we always perform a helium leak check of the system to
verify that there are no vacuum to air leaks. Likewise, the accelerator grids should be
checked for possible pressurized water leaks by putting 100 psia helium on each circuit
during the system leak check. Any detectable leak should be repaired before proceeding.

After verifying that there are no shorts and no leaks, the gas lines should be

pressurized with the appropriate gas, and the Grids are ready to be hipotted.
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S. HIPOTTING THE ACCELERATOR

If possible, a D.C. hipotter should be used to check the voltage holding capability
of the grids. This should be done when the accelerator is under vacuum, before the
water lines and electrical cables are connected. The accelerator is hipotted before the
water lines are connected, to reduce the load on the hipotter, and before the electrical
cables are connected, to hipot the accelerator only. This method assures that all the
current seen on the hipotter is accelerator related, and not due to water paths or power
supplies. D.C. hipotting is the first step in conditioning the grids. It is also a quick
check for assembly errors, or pieces that might have come loose during handling.

Begin by electrically connecting together all elements on either side of the gap
under test to minimize corona and sparking. Keep the clip leads at low inductance. This
is to prevent damages from breakdown (or breakdown transients) to insulators designed
to hold off lower voltages. We use a total of 7 K ohms resistance in series with the
hipotter to prevent overcurrent damage to the source and hipotter.

The gas feed lines should be pressurized with gas, since a partial vacuum
constitutes a breakdown path.

The technique of nlpottihg is to lower the voltage when a corona discharge in the
grid region is loading down the hipotter; check for diminished drain current with
successive tries. The current should increase linearly with voltage, non-linearity
suggests corona.

CAUTION : Be sure to use the appropriate polarity when hipotting, since the
opposite polarity from that of the operating potential degrades the voltage holding.
capability of the gap. |

The three gaps should be able to hold off voltage S to 10% above their design
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operating potential and are typically taken up to the breakdown limit when conditions
permit. Hipotting the second gap above 80KV requires a sulfurhexaflouride environment
(to avoid break-overs on the air side of the ceramic).

The LPA 80 kv, 40 AMP deuterium gapped accelerator had the following

characteristics:

SPACING (mm) VOLTAGE (kV) CURRENT DRAIN (mAMPS)
Gap 1 2.34 37 0.1
Gap 2 7.67 78 0.1

Gap 3 1.73 -6 0.05
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6. LPSA_PA WATER AND ELECTRICAL CONNECTIONS

6 (A) WATER CONNECTIONS AND FLOW REQUIREMENTS

- The LPS/ALPA uses Low Conductivity water (LCW) which has passed through a

deionizer andan oxygen scrubber. Dejonization is required to minimize high voitage

power loss to ground through the water lines. Oxygen scrubbing is required to prevent

corrosion of the molybdenum accelerator grid tubes. The working specifications for
water used at LBL are re_sistivity, 3 - 10 MQ-cm and oxygen, 9 ppb. If the resistivity is
much higher than 10 MQ-cm, source corrosion could be a problem. Various types of

materials were used in tubing and connectors: polyethylene; PVC (nylon reinforced);

o nylon and reinforced non-conducting, synthetic hose. Note: rubber develops carbonized

| conductlng tracks and should not be used in high voltage applications

The LPS has four separate water manifolds Two manifolds are for the flow
supply and retumn to the Magnetic Bucket (39.7 liters/minute), and two manifolds are for
the Filament Sandwich, Probe Plate, and Spacers (17.4 1/m). In addition, there are
separate supply and retumn LCW connections for the Electron Dump (136 1/m). The large
supply.and return lines are at least S feet long for insulation. They act as voltage
dividers to the couplings between floating potential and ground. WARNING : It is
extremely important to ensure that the water lines are connected properly, that is, all
the supply lines are connected to the inlets and all the return lines are connected to

the outlets of the source. This can be verified by flowing air through each circuit, if

there Is any doubt. Examples of the LPS water flow t:alorlmetry6 are shown in Section
12.
At LBL, the LPA ‘water goes through a High Pressure water Cart, which has eight '

supplies and eight returns, with individual manual valves and flow meters. wWater flow:

9.



through the grids of a 150 kV, 65\Amp deuterium conceptual design is illustrated in
Figures 14 and 15; water»flow in the LPA is the same. The Cart was located about iSm
from the test stand; it had a supply pressure of = 285 psig and a returmn pressure of = 65
psig. The Cart supply pressure was déterrnined by the water circuit impedance to the
source and back. The required Cart return pressure was determined by the impedance of
the retum circult to the pump reservolr, and was set by a back pressure regulator in

' the retum circuit. Each half 6f each grid has one supply and one return, with a AT
block for grid calorimetry which is 1obated about two meters from the source below the

high voltage platform. A Basic program, developed for measuring the heat loads on the

grids with a Hewlett-Packard 9845 B, is included in Appendix 1. An example of the LPA

calorimetry using this program is shown in Figure 16. All water lines should be clearly
'marked for connection to the proper grid.

The LPA grids ‘were designed to have turbulent fiow, i.e., no boiling. Testing
revealed-that most of the water circuit pressure drop occurred in water lines and

fittings. The water flow and pressure requirements for the 10 x 40 cm LPA are listed

below:
Flow Rate Grid Module
per Half Calorimetry Channel A-Pressure
Grid 1 (Accel Grid) 22.7 I/m 1 45 psi
| 22.7 I/m 2 - 4S psi
Grid 2 (Gradient Grig) 22.7 I/m . 3 12 psi
’ | 227 Um 4 12 psi
Grid 3 (Suppressor- Gria) 39.7 I/m S 20 psi
39.7 I/m 6 20 psi
Grid 4 (Exit Grid) 227 m 7 18 psi
22.7 I/m 8 18 psi
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A system independent requirement is for 75 psia back pressure at the rail exit, to
prevent boiling.

Although grid water flow calorimetry is not a strict operational requirement, at
LBL grid calorimetry was a reliable accelerator diagnostic. Because the flow of each
grid is split into halves, grid calorimetry provided an effective indication of gross
plasma nonuniformity when plasma probe data were unavailable. At LBL grid calorimetry
often served as the basis for a final go/no go decision during development testing. Grid
calorimetry is most useful if flow through each individual grid is balanced so that any

beam heat imbalance is easily recognized on the waterflow calorimetry data.
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Filgure 14. Illustration of water flow in the APIS Conceptual Design (short-side, cross
section). water flow in the LPA is the same.
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CBB 799-12786A

Figure 15. Ilustration of water flow in the APIS Conceptual Design (long-side,
cross-section). water flow in the LPA is the same.

"



#*###RESULTS COF 108%X4QLPR & LPS CRL FOR SHOT#1238591 ##x##Rev., 19 JAN 84

DATE: 2SJANE4 TIME: 12:56:12 Baseline read delay: [~ ]
Vacc: 82.1 kev lacc: 40.38 Amps Tacc30.402 sec Temp Meas delay: 689
Varc: 82.6 Volt larc: 825.79 Amps Tarc33.524 sec Tfil 48.970 sec

RESULT OF ENERGY-INTEGRATION: 63 POINTS €0.0 SECOND

Charnre! Flow Flow Total Energy ARug.Pur., Peak Pur
¢ LGPA] Im1/81] [kJ] [H/raill [W/7raill
i 6.17 38%.19 134.36 196.14 188.59%
2 6.29 384.29 138.62 198.41 174.84
3 6.69 421.81 85.86 123.96 119.0S
4 6.89 434,51 89.88 130.11 126.24
- 9.99 624.58 €8.26 18@.69 91.9@
6 18.32 651.16 68.96 101.76 97.63
7 6.31 397.85 194.28 158,24 141,15
8 6.39 403.02 114.97 174.59 158.93

_ CkWl CkW]
e dump 36.28 2271.24 632.12 : 9.47 9999.99
Heat to grids +/- difference, [kJ] Dev.Ref.V. -.0012
GRID 1=+254.98 +3.7S5 kJ and peak pouwer +181.71 wattss/rail
2 +174.,15 -4.02 +122.64
3 +#137.21 -.78 +94.77
4 +219.25 -1@.69 +148,.54 TIME SINCE LASTSHOT 172 S.
PULSESHAPE OF TEMPERARTURE SHOT # 10854l
L] T * Ll Ll " i T k] ¢ X 1 T ] L] T 1 L] T L
U L. B3.98 4.?3'/.1 ]
L L
a . Bs.es - =
- L o e - -
o - j o
L .
r %
L 4}' GRID 2 7
L 1 L L v [ S 1 1 0_
=
n 2
] a
= R B TR | T T T T
x !
G L ss,ev=""7"M 1,024 1 1 o
I S EBZBS 1 . a z :
- | s3d.i2 l J 3 d e
| |
c [ [ | ] i 17 @
=3 i F 1 F -
- = { ] - = -t = @
o L 4
=2 ‘ e NN - = : - 0 =
L | /%R L e IQP " ] R E ]l z
S f ID 3 e nLk{;\‘ " GRID 4 \._ o )
S i - o Sy b == >
N 1 1 18 i1 1 o o 1P 1 1 1 1 1 1 1 1 1 & &

PERCENTRAGE OF TIME TMAX= 6@.8SEC
NUMBER OF POINTS SHOWN: 6@

15

XBL 847-2988

Flgure 16. Computer printout of the LPA grid water flow calorimetry. The vertical
scale on the left Is for all grid halves; the scale on the right is for the electron dump.
Average power Is from steady state water flow. Peak power is an estimate based on the

rate of rise; peak power is usually used only on short shots.
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6 (B) ELECTRICAL CONNECTIONS

On NBETF, the LPS/LPA was connected to the power supplies as shown in Figure
17. The ion source, on the beamline, with all the water lines and electrical connections
made, is shown in Figure 2.

The arc power supply and filament power supply cables are connected to the
source at the current sheets. Current sheets are used to uniformly distribute the current
from the power supplies to the source. We have found that the wires supplying the arc |
and filament current must be dressed neatly and attached to the source in a distributed
way, to eliminate magnetic fields which adversly affect plasma uniformity. If all the
currents are supplied with one connector, the currents flowing in the walls of the source
to the connector produce such undesirable magnetic fields. If numerous cables are used,
it is advantageous to color code them according to polarity and power supply with the
respective current sheets. The chances of misconnections are reduced with this method.

Three elements of the LPS should be protected against overvoltage. These
elements are:

1) Probe Plate

2) Forward Copper Spacer

3) Rear Spacer
To provide overvoltage protection for these elements, Metal Oxide Varistor (M.O.V.) -
Diode Circuits, as shown in Figure 18, and Figure 9, item 13, are used on the LPS. The
M.O.V. keeps potential differences from exceeding the voltage limit set by the size and
‘number of M.O.W.'s In series. The M.O.V. that we use is a General Electric V33ZA70,

which is rated at 33 volits. For'the probe plate, two M.O.W.'s in series keeps the
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potential difference from exceeding 67 volts. For the forward spacer and the rear
spacer, three M.O.V.'s are used to keep the potential difference from exceeding 100
volts. The diode (1N4732) restricts it even more. It provides a voltage clamp so that the
spacer plate can never get more positive than the anode nor more negative than the
cathode.

The gradient grid and suppressor grid cables are connected directly on their
respective accelerator corona rings. Individual supply and monitor leads should be used
so that loss of supply voltage to these grids is detected immediately. Care should be
taken to dress these cables so as to avoid spark over to the water lines.

The appropriate signal monitor (see Section 7) wires are éttacned with spade lugs
(for ease of connection and removal) on the source and go to a multi-pin connector
which is situated on the rear bucket flange. Each of the signal wires should be clearly
identified and labled. From the multi-pin connector, the signals go to the appropriate
calibrator (Appendix 2) and telemetry channels for monitoring.

All cables connected to the source should pass through a magnetic core stack.
This magnetic core acts as a series resistance to limit accelerator “spark down" current

from that capacitance which is on the power supply side of the core’.
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Figure 17. Schematic of the NBETF power supply connections, as used for testing the
LPS/LPA.
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E ii)gsure 18. Schematic of a MQV-diode circuit used for spacer plate protection on the
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7. LPSAPA SIGNAL MONITORS

The following signals are monitored during LPS/LPA operation on NBETF. All
signals which are telemetered (using analog telemetry) to ground are calibrated with a
built-in calibrator system which is described in Appendix 2. These signals go to the
computer, the oscilloscopes, and some of the signals go to the fault detector. The Fault

Detector Signals are discussed in Section 8.

I accelerator {I accel OF I hot box )
This monitor is a coaxial shunt located in the hot box. The signal

(shunt + amplifiers) has a sensitivity of 20 A/V, and is telemetered
to ground.

I gradient grid (lgg )

| Two types of monitors are used to look at the gradient grid

current. To observe the gradient grid during the fast turn-on, a
toroidal current transformer is monitored. For long pulse, a 100
mA/V Hall-effect current probe is monitored. Both monitors are
mounted in the hot box, and insulated wires (good for 20 kV) are
looped through them to provide the insulation to gradient grid
potential. These signals are telemetered to ground.

I suppressor (I supp )
For monitoring typical operation a 1 A/V sensitivity (shunt +
amplifiers) in the power supply is adequate, but, for breakdown
information, and/or fault detection, a toroidal current transformer,
at or near the source connection is used which is referenced to

ground.

.



I filament (I fi1)
1000 A/V Sensitivity (shunt + amplifiers), telemetered to ground.

I arc

500 A/V Sensitivity (shunt + amplifiers), telemetered to ground.
V accel HB.

20 kV/V Resistive Compensated Divider, referenced to ground.
V arc

20 VWV Divider, telemetered to ground.
Vg

20 kV/V Resistive Compensated Divider, referenced to ground.
V #il

2 V/V Divider, telemetered to ground.
V supp

1 KV/V Resistive Divider, referenced to ground.
V grid 1

20 V/V Resistive Divider between accel. grid (grid 1) and cathode,
telemetered to ground.

V forward spacer
20 V/V Resistive Divider between forward spacer and cathode,
telemetered to ground.

V rear spacer
20 V/V Resistive Divider between rear spacer and cathode,
telemetered to ground.

Vi-2
S kV/V Resistive Dlvider, located on the source, and telemetered to

ground.
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All voltage dividers should be well compensated to provide reliable frequency

response up to about 1 MHz.
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8. LPSAPA FALULT PROTECTION

8 (A) FAULT DETECTOR SET-UP PROCEDURE

Neutral beam sources and power supply systems are intimately linked, and a fault

protection system should cover both systems. The power supply systems should be

protected against such conditions as overvoltage, over/under current, excessive pulse

length, improper settings, and open interlocks. The source should be protected against

sparkdown, over current, voltage collapse in the grids, and open interlocks.

The fault detector used on NBETF is described in Appendix 3, and shown in

Figure 19. A list of the signals monitored with this detector during the operation of the

LPS/LPA on NBETF is shown below.

MONITORED SIGNAL

Vaccel dv/dt

V1-2 / Vaccel
lgg DC

vgg / Vaccel

Isupp p.S.

Vaccel-Strobe
lacce] Source
Iaccel P.S.

Uacce]-strODe

G.G. dv/at

TYPES OF FALLTS TYPICAL SETTING

Accelerator Sparkdown

Grid 182 Collapse

Gradient Grid (Grid 2) Overcufrent
Grid 182 Collapse

Suppressor Power Supply Overcurrent
Accelerator Voltage but No Strobe
(Accel On Gate) Present

Accelerator Overcurrent

Accelerator Power Supply Overcurrent
No Accelerator Voltage but Strobe
Present

Accelerator Sparkdown
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= 15% of Vaccel
= 5% over
250 mA MAX!

= 3-5% ogver

15 Amps MAX

= 10% over
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Varc Overvoltage

Arc Modulator Overload

Spot Detector.

Interlock Chain

Interrupt Limit

Arc P.S. Overvoltage - protects‘arc
modulator

Protects arc modulator from latching
up in divert mode

Arc &/or Filament Metal Arc Spot

Any of the Beam Operation Interlocks
Open
More Interrupts than Set on Interrupt

Counter

wLm

150 Volts MAX.

Refer to Section

8 (B) for setting



CBB 8310-9611

Figure 19. A picture of the fault detector modules Used on NBETF.
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8 (B) SPOT DETECTOR SET-UP PROCEDURE

The spot detector (Appendix 4) should be set up to just allow operation, ie., as

close to the trip levels as possible. If the levels are too low, the arc will trip off at the

persist time preventing arc operation. If the levels are too high, an arc spot will

probably not be caught soon enough to prevent damage in the plasma source. with

experience, the spot detector levels can be set close to the operational levels before

conditioning the arc, and the final adjustments made during arc conditioning (Section 10

(B)) and beam operation.

The following procedure is used to set up the spot detector:

1.

Set the pulse duration of the arc to = 50 msec to minimize chances of
spotting damage before the spot detector is set up properly. See Section 11
(B) for timing set up. Set arc power level to = 20 kW. Be sure the source is
operating in the efficient mode. See Section 14 (A) for details of the
operational modes.

On the trip level graph, as shown in Figure 20, find the line that corresponds
to the arc current shunt value in use. Determine the probe voltage expected
(source efficiency determines the probe level) for the 20 kW arc power
operating level. Calculate the trip level value and set the ratio threshold
potentiometer to slightly below that value to ensure an arc érowbar, then
increase the setting until no crowbar occurs and leave the ratio threshold set

about 10% above this point. See the Spot Detector Trip Level graph for an

‘example of how to set the ratio threshold level.

Set the probe noise threshold potentiometer to slightly above the maximum
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peak-to-peak noise of the prabe.

4. Set the persistence potentiometer to a short time (=5msec).
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Figure 20. Graph of the Spot Detector Trip Levels for various arc current shunt values,
including an example showing how the settings used on NBETF were determined.
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9. FILAMENT OPERATION

9 (A) FILAMENT CONDITIONING

when new filaments are installed in the LPS/LPA , a “"filament sweep” should be
done before turning on the arc. The filament sweep is primarily a check of the filament
power supply system from low power up to the full operating level of the filaments,
which also gives the operator power supply settings for the different filament powers.
These settings will be useful later when conditioning the arc and running beam. A
timing sequence should be set up prior to filament operation. See Section 11 (B) for a
typical timing sequence. A filament on-time of ten seconds is adequate for the
filaments to reach equilibrium provided the power is not too low. Filament scope
waveforms for low power, high power, and "stepped” (Section 9 (B)) filament shots are
shown in Figure 21. Begin with a low filament power and take a shot, checking the
voltage and current to make sure that everything looks satisfactory. Slowly raise the
power level, recording the current and voltage, at equilibrium, for each shot. When full
unstepped power level (typically = 118 amps/filament or = 4000 amps total current for
34 filaments) is reached the filaments should be conditioned there for a few shots. If
the filament stepper is not used during the sweep, a plot of the filament current vs.
filament voltage should be nearly linear at the higher power levels. An example of a
filament sweep from the LPS/LPA operation on NBETF is shown in Figure 22.

After completing the filament sweep; the operator should become familiar with
the filament stepper settings in conjunction with the filament power supply settings, i.e.,

how much the filament heater current is reduced for the different stepper settings.
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LP8/LPA

SCOPE SIGNALS OF THE FILAMENT,
AT LOW POWER, HIGH POWER, AND
STEPPED OPERATING POWER LEVELS
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Vv fil 2 VNV

Il 800 AV

Strobe (Accel-On Gate)

XBB 844-2875

Figure 21. Filament scope pibtures. From top to bottom, low power, high power, and
stepped filament voltage and current traces are shown. Note that the filaments have not .
reached thermal equilibrium in the first two pictures. Strobe is a logic signal for accel
voltage.
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Figure 22. Filament sweep graph showing filament voltage vs current during
conditioning.
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9 (B) FILAMENT STEPPING

Operationally, the major difference between the LPS and previous LBL field-free
plasma sources is that the LPS filaments are emission limited, i.e., electron emission
(arc current) depends on the filament temperature (Ref. page 2. The arc current and
arc voltage are determined by the filament heater current. Previous LBL field-free
sources were space charge limited and did not have this characteristic. In steédy state,
emission limited operation means that, for a given arc IVR setting, the arc voltage is
directly controlled by the filament heater current: more heater current gives a lower
arc voltage (provided the source is in the “efficient” mode, Ref. Section 14 (A).
Conversely, (in the efficient mode) less filament heater current means higher arc
voltage. Unfortunately, the arc does not tum-on in steady state, and the observed
thermal time constant of the arc éunent in the LPS exceeded eight seconds. A
technique for sidestepping the arc thermal time constant called “filament stepping” is
described here. An associated advantage of stepping is that, by avoiding the thermal
transient, it is much easier to keep the arc in the desired range of 70 - 100 volts.

If the LPS is turmmed-on with a constant heater current, as is normal with the
fleld-free sources, the arc current rises as the filaments and chucks heat up, due to
ohmic heating associated with the arc current passing through the negative filament leg.
Unfortunately, the time constant observed in the LPS was more than eight secohds, and
the effect on the arc was substantial. with unstepped filaments, the arc voltage fell as
much as 20 - 30 volts as the fllaments heated; the arc current rose; and the plasma
level rose as much as 20%.

A technique to achieve a steady state arc discharge current is to “step”, i.e.,
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reduce, the filament heater current when the arc is turned on. (A waveform of the
filament stepping effect is included in Section 12 Figure 39). Stepping the filament
supply compensates for the additional ohmic power associated with the arc current. In
this way, the total power heating the filaments is unchanged, and thermal equilibrium is
sustained. Section 12 contains a discussion of the waveforms of the filaments on
NBETF.

Stepping was developed by E. Thompson at Culham, who had an electronic
contactor for the filament power supply, which was phased back at the time the arc was
tumed-on. The phase-back level is determined empirically. It is not sufficient to
simply reduce the filament heater current by an amount equal to the arc current, since
the arc current changes the temperature distribution of the filament. The temperature
distribution of the filaments, at the beginning of arc tum-on, depends on the
pre-stepped filament temperature. About 3 seconds after arc turn-on, the arc settles to
voltage and current values which are directly determined by the filament current. To
obtain the desired operating arc voltage, either the pre-stepped or stepped filament
current should be adjusted -- increased filament current gives lower arc voltage, and
decreased filament current gives higher arc voltage. In LBL jargon, the larger the step,
the greater the reduction in filament current, which means that a larger step gives a
higher arc voltage.

An additional thermal transient is associated with beam operation, due to back
electron heat. For up to = 10 seconds of beam, fine tuning the filament heater and step
Is sufficient to glve a constant accel current. For longef pulses, arc feedback is
required; this is discussed in Appendix S. with feedback, the accel current could be
held constant to the precision of the arc and filament power supplies, which was + 2%
on NBETF. Arc feedback has the additional advantage that, once operating points have

been established, a given plasma level (and, therefore, accel current) can be dialed in
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reproducibly, without “ranging shots”. The only disadvantage to feedback is that it adds

another level of complexity to the system.
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10. ARC OPERATION

10 (A) ARC_CONDITIONING

The preferred procedure for conditioning a new plasma source and new filaments
is to remove the Back Plate Magnets so that the arc can be run at low voltage to
reduce spotting damage. when the Back Plate Magnets have been removed, the
inefficient mode disappears, and initial operation can be at lower voltage.

Start.at low arc power and short arc pulse length, =50 msec, (See Section 11 (B)
for Timing). To prevent source damage, the spot detector ratio threshold and noise
threshold should be set just above the trip levels at which the spot detector turns off
the arc. Also, the spof detector persistence time should be set for a short duration, (see
“Spot Detector Set Up Procedure”). These steps will minimize spot damage during
conditioning.

while conditioning at low arc powers, the voltage should be raised beyond the
~ desired maximum anticipated operating voltage. Gradually work up in arc power and
out in pulse length to full power and duration, at some arc voltage between low and
maximum. (For the LPS/ALPA, as set up for MFTF-B on NBETF, = 80 kWwatts was full
power, 35 seconds was full duration, and arc voltage was 60 to 30 volts.) Then lower
the arc power to a low value for short pulse, and install the Back Plate Magnets. Again
work up to full arc power and duration. The LPS conditioning history on NBETF is
illustrated in Figures 23 and 24.

During arc conditioning, the arc notch shape should be set up (Section 10 (B)), and
the probe profile should be optimized (Section 10 (C))

Provided vacuum has been maintained, once the LPS has been conditioned, it can

be routinely started at full power for a few shots before turmning on the accelerator
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voltage for beam. If the LPS has been up to atmosphere, it is best to start at a lower
arc power and work up to the operating level for beam.

If the LPS chamber has once been conditioned, when new filaments are installed,
it is possible to work up from low arc power to high arc power with the Back Plate
Magnets in place. wWhen conditioning this way, care must be taken to be sure the
~ tum-on mode is not the inefficient one. Conversely, it is undesirable to come on with
cold filaments and and the associated high arc VOltages. Thus, an operator must have
some prior experience to condition with the Back Plate Magnets in place.

Normally, with no systems problems which affect arc operation, almost all
filament spot damage occurs during arc conditioning of the new filaments. Two common
causes of spot damage are: irhproper spot detector settings; and increasing the arc
power too rapidly during initial conditioning. With a"lconditioned arc chamber, arc
conditioning of new filaments usually takes about four to eight hours.
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Flgure 23. LPS arc conditioning history overview. Initial conditioning is without
backplate magnets, at low power, from low voltage to normal operating voltage, with 10
msec shots. The next conditioning is from low power to high power, with up to 4 second
shots. The final conditioning goes to full power, with the backplate magnets installed.
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Figure 24. LPS arc conditioning with the backplate magnets.
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10 (B) ARC_NOTCHING

Since the arc is tumed-on before beam, beam turn—on must sweep out the low
density plasma initially in the grid region. when the accelerator voltage is applied, it
tries to set up an electric field in the grid region. This produces a large current
transient which tends to load down the gradient grid, or even the accel, power supply.
The transient. may trip the overcurrent fault detectors, and limit the beam to very short
shots. To avoid this tum-on transient the arc is “notched”, i.e., the arc current is
diverted for =100 useconds to reduce the plasma density (See Appendix 6 "Arc Notcher”).
The arc is then restarted at a rate that maintains good perveance match during turn-on.
Good perveance match is determined from minimum gradient grid and suppressor grid
currents on the fast scopes (See Section 14 (C)).

Severe perveance mismatch during accel turn-on can lead to a potentially
disasterous operating mode. The most sensitive indicator for juaging a good match in

tum-on conditions is the gradient grid current (the gradient grid intercepts electrons
produced at the suppressor). The next best indicator is the suppressor current. If the
turn-on is extremely underdense, beam .ions can strike the suppressor grid and produce
secondary electrons which travel back into the source, and are read as accelerator
current. As a result, the beam optics can be significantly underdense, while the
accelerator current value 15 overdense. |

If the plasma notch is too shallow, if the notch shape is wrong, or if the accel
tumn-on Is too late with respect to the notch, large current spikes and fluctuations
-appear on the gradient grid and suppressor. These spikes can be, and often are, large

enough and last long enough to prevent beam operation. If either the gradient grid or
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suppressor show excessive currents during turm-on, the match between plasma density
and accelerator voltage is incorrect and should be remedied immediately.

It is a good idea to set up the notch shape first, then set the notch depth
according to the accel voltage level to be run. The notch shape is usually set up during
arc conditioning, with arc only shots. with experience, the shape can be set close to
that needed for accel operation. when the notch shape is set properly, the depth should
be set. For low accel voltage (40kV) operation, a shallow notch (= 40% plasma density
reduction) is sufficient; for r/wigner accel voltage, a deeper notch (=60% - 100%) is
required. The maximum notch depth for the LPS/LPA with the Dynamic Anode (described
below) is = 70% This was sufficient for this accelerator. Once the notch shape and
depth are set, the timing for the accel turn-on should be determined. This is discussed
later In the beam section.

On NBETF the LPS/LPA was run in two supplementary anode configurations.

First, a "Dynamic Anode* 7 was used. During arc notching, the effective anode area is
Increased by connecting capacitance between the probe plate and the cathode. The
notcnlng capacitors, shown mounted on the current sheets In Flgure 25, charge up to the
floating potential of the probe plate during the initial arc turn-on. This potential is
about 15 volts below anode potential. Durlng a notch, the arc is shunted, lowering the
total impedance seen by the power supply circuit. The inductance of the power supplies
does not-permit an Increase In total current, so the voltage across the source drops to
between 30 and 40 volts. The notching capacitors hold the probe plate at its previous
potential, which is now above anode, and the probe plate temporarily aér.s like anode,
thus increasing the anode area. This additional anode area is required to prevent a mode
fllp during the notch. As long as capacitors keep the potential of the probe plate high
enough to collect a net electron current, the source remains in the efficient mode. The

dynamic anode on the LPS 1s requlreq because the LPS was designed with minimum
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énode area, in order to maximize atomic species and power efficiency.

The total capacitance required to keep the source in the efficient mode depends
upon the source plasma impedance; the duration of the requested notch, and the notch
depth. After the notch recovery, the probe plate returns to the floating potential on a
time scalé dependent upon the capacitor recharge time. For the LPS, with a 200 usec
notch, 12,000 uf of capacitance was sufficient for over 10 successive beam tries, spaced
at 5 msec between tries. Too many successive tries discharge the capacitors, making
them ineffective. For the eight (1500uf) capacitors used, the recharge time after the
notch was about 25 msec. The plasma‘ production efficiency is very slightly reduced
during the recharge, but without significant effect upon the accelerator operation or
beam current.

A second supplementary anode configuration was to connect the probe plate to
anode with series resistance. with the series resistance adjusted to reduce the current
to the probe plate to 15% df the total arc current, arc efficiency and species were only

slightly reduced, and mode flip was eliminated.
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Figure 25. Picture of the arc notching capacitors installed on the LPS. Elgnt 1500 pfd
capacitors were used; four mounted on the current sheets on each side of the source.
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10 (C) PLASMA UNIFORMITY USING PROBE "PROFILE"

Plasma uniformity is critical for good beam optics. The LPS probe plate was
designed to accept up to 6 water-cooled Langmuir probes, as shown in Figure 10. They
are located near the plane_of the grid, around the periphery of the 10 X 40 cm grid
array. The probes are on the periphery to keep them from shadowing the grid, and to
keep them out of the path of backstreaming electrons from the accelerator.

The probe tip, which is exposed to the piasma, collects any ions and electrons
that hapben to strike it. If it is left floating electrically, it will charge up to "'floating
potential” at which the net electric current (ions + electrons) is zero. If it is biased
highly positive with respect to the plasma it will collect electrons and repel ions; with
highly negative bias, it will repel electrons and collect ions - this is called “"saturated
ion current”. At LBL, probes are biased -22.5 volts with respect to the negative
filament, i.e., cathode. This is sufficient to measure saturated ion current and gives
reproducible results.

The area of each probe tip should be known to within 2% (measured with a
micrometer) before the probe is installed in the probe plate. The areas of the six probes

should be within 2%, otherwise, a calibration factor is needed for probe "“profile”

evaluation. The area of the probes used in the LPS/LPA on NBETF was 0.113 cm? (0.10
cm diameter, 0.32 cm long).

Saturated lon current density as measured by the probe is essentially the ion flux
that is accelerated when it falls into the opening between grid rails in the accelerator
structure. Hence, a probe “profile* obtained by checking the probes in all 6 locatons,
shown in Figure 26, gives an indication of the ion current density uniformity at the

accelerator. It Is only an indication - because the probes are fixed at the periphery, and
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do not see the center of the extraction plane.

The probe profile should have a maximum value divided by a minimum value
(max/min) of less than 1.15 for beam operation. If the max/min exceeds 1.15, the profile
should be improved before proceeding with beam. Sometimes changing the gas flovw, or
arc voltage helps the uniformity. Check for external magnetic fields and materials
which disturb flux lines i.e., steel bolts around magnets. Check the polarity of the
backplate magnets. One or two magnets with reversed polarity can adversely affect the

profile.
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Figure 26. Illustration of the LPS probe plate positions and profile display format.



11. ACCELERATOR CONDITIONING

11 (A) LPS/LPA 40 KV BEAM PARAMETERS

The initial start up for beam requires that the operating parameters be set up
close to the expected values for the plasma source and accelerator. Typical 40 kV

Initial Parameters for the LPS/LPA operation on NBETF were as follows:

Stepped Filament Voltage 6-7 Volts

Stepped Filament Current 3-3.5 KAmMps

Gas 12-16 TL/S Deuterium

Arc Voltage 65-70 Volts

Arc Current 340-400 Amps

Arc Power - 22-26 kwatts

Probe Level = 57-63 mAmps/cm?

Probe Profile . Max/Min < 1.15

Accel Voltage = 40 kVolts

Accel Current = 12-14 Amps

Perveance 1.6-1.8 ppervs

Gradient Grid Voltage = 33 kV (Vgg/Vaccel = 83%)

Gradient Grid Current < 250 mAmMps

Suppressor Grid Voltage 1.0-1.2 kV

Suppressor Grid Current < 2 Amps

Timing y 7 Set up for < 15 ms (See Section 11 (B))
Fault Detector (F.D.) Each of the appropriate fault trip levels

should be set for the expected
value. (See Sections 8 (A) and 11 (C))
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11 (B) LPS/LPA TIMING

A general discussion of neutral beam timing8 follows. The timing details are
largely a result of the power system, but the general sequence of events is due to the
source and is independent of the particular power system.

It is convenient to view the entire neutral beam system as having a single timing
diagram which applies to all shots, then accomodate different operating modes by
enabling or disabling various components of the hardware and software. For example, the
timing for an arc-only shot is 1dentlcél to the timing of a beam shot but the accel
primary is disabled for arc-only.

All of the neutral beam power supplies are pulsed and, thus, “on" and “off" are
always used to refer to the leading and trailing edges of a supply's gate pulse. The
words “on* and “off" in the following description should not be construed as the
sequence of actions necessary to bring a power supply to the armed and ready state.

There are actually 3 independent timing sequences for a neutral beam:

(1) The Shot Sequence covers the overall timing of a shot (power supply pulsing,

data acquisition, etc.). This sequence is initiated by the Fire button. All of the

timing in this sequence has fairly gross resolution of *1 ms.

(2) The Interrupt Seguence concems actions which must be performed during a

fault. This sequence is initiated by the Fault Detector and things must happen

on a micro-second scale (see below).

(3) The Turn-On Seguence concerns actions which must be performed when
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applying high voltage to the source. This sequence is initiated either by the
Shot Sequence, when everything is ready to make beam, or by the Interrupt
Sequence, at the end of the interrupt. Everything in this sequence must.

happen on a micro-second scale (see below).

1. Shot Seguence Timing

The overall timing sequence can be derived by the following thought process:
Assume you are going to turn on the beam at some time and call this time zero, Tp.
working backwards from zero, to fill in the prerequisites for beam, we see that we need
arc and accel. To get accel, we only need to turn on the accel primary. To get arc, we
must have gas and filament, and the filament should be "stepped” to be in the

emission-limited mode of operation. Thus, the sequence of events must look like:

Filament on-

{lament Step on

t » Arc on

Gas on

Beam on

Accel Primary on

° TO

Given this sequence, the following intervals help to determine the relative times for

turning on the power supplies:

~

- The accel primary has to be turned on early enough for its contactor to make
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up (20-60ms), and to allow any turn-on transients to dissipate (100-200ms). Thus,

accel primary should be turned on about -120 to -260 ms relative to Beam On.

- The arc contactor takes 20-60 ms to make up, and the arc takes about 200 ms to
strike and settle. Thus, the arc should be turned on at least -220 to -260 ms

relative to Beam On.

- The gas valve takes 20-50 ms to open, then the gas takes another 100 -150 ms
to fill the gas line and arc chamber. Thus, the gas should be turned on about

-120 to -200 ms relative to arc on.

- The filaments take about 6 seconds to reach thermal equilibrium. Thus, the
filaments need to be turned on about -8 sec relative to arc on, and the filament

stepper turned on at arc on.

The timing at Beam Off is essentially the mirror image of the Beam On timing:
turn off the accel; turn off the accel primary, arc, and filament stepper; then turn off
the gas and filament. It takes about 100ms for the Arc contactor to open and the arc to
go out. Thus, if the Arc is turned off at Beam Off, Gas and Filament can be turned off
100ms later.

The discussion above has covered the power supply timing. There also needs to
be some computer data acquisition timing as part of the same sequence: Before Beam
Oon:

- Read the pre-shot vacuum. Since the tank is being continuously pumped, this
should be read as close to Gas On as possible but, again, not so close that

there's any possibility of the read overlapping with the gas.
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- Set up the transient digitizers' clock rates and start them scanning. The slow (=
1 kHz) digitizers should be set to ‘cover' everything from Arc On to Beam
Off. Thus they need to be set up before Arc On. To keep the window for a
spurious digitizer trigger small, they should not be set up much before Arc "
on.
After Beam Off:
- Read the digitizers, scalars, fault detector, etc. This can be done anytime after

Beam Off since the data is captured in local storage.

A shot sequence timing diagram much like Figure 27 results from the above
logic. Time zero could be moved to the ‘Fire' command to make the negative times
disappear but one should keep the relationships in mind. For example, the operator may
have to give the arc more time to stabilize. During 30 second operation, it was useful
to have 1 to 2 seconds of arc before Beam On. Conceptually, one is simply moving Arc
On earlier relative to Beam On. Since Filament and Gas are relative to Arc On, their
timing need not change. Operationally, unless your timing software is éimilar ta LBLS,
the operator would probably have to lengthen Filament, Filament Stepper, Gas and Arc,

then delay Beam On to give the arc more warmup time.

2. The Interrupt Seguence

The interrupt sequence consists of 2 timers triggered by the Fault Detector. One
timer controls the interrupt duration. It inhibits the "Strobe" for 5 ms, then triggers a
'turn-on' sequence at its end of time. This timer must turn on within S micro-seconds of

the trigger. The interrupt sequence is shown in Figure 28.
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3. The Turn-On Sequence

The turn-on sequence consists of 3 or 4 timers triggered by a 'turn-on' command
(which is generated by either the shot sequence or the interrupt sequence). One timer is
a fast digitizer (the 1 Mhz digitizer) or scope trigger (to allow the operator to view the
turn-on so that the arc and accel can be matched). Another timer triggers the arc
notch. Another timer triggers the accel <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>