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AN E|]B END-LOSS-ION ANALIZER FOR THE TANDEM MIRROR EXPERIMENT-UPGRADE !TMX-U) 
3. E. Wood, J. H. Foote, C. W. Coutts, I.. R. Pedrottl, L. F. Schlander, and M. D. Brown 

Lawrence Llvertoore National Laboratory t 
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Llvermore, CA 9"550 

Abstract 
We nave I n s t a l l e d a new d i a g n o s t i c I n s t r u m e n t t o 
I n v e s t i g a t e Ions emanating along magnetic-Held l ines 
of the TMX-U tandem-mlrror experiment. This analyzer 
c o n t a i n s p a r a l l e l e l ec tr i c and magnetic f i e l d s , which 
y ie ld Ion mass and energy spat ia l separat ion. A dual 
array of 128 copper col lector plates detects par t i c l e s 
In the Ion f lux that Is f i r s t c o l l l o a t e d and then 
focused through the !B0-degree bending magnetic f i e l d . 
An e l e c t r i c f i e l d applied t r a n s v e r s e to the bending 
p a r t i c l e path then separa te s the Ion masses In the 
direct ion perpendicular to the m a g n e t i c - p o l e f a c e s 
whi le t i .e magnetic f i e l d spreads out the different 
e n e r g i e s of each mass In a plane p a r a l l e l t o the 
m a g n e t i c - p o l e t i p s . The CAMAC-based data recorders 
are f i b e r - o p t l c a l l y coupled to the system c o n t r o l l e r 
for d a t a a c q u i s i t i o n , a n a l y s i s , and d i s p l a y . A 
commercial CAMAC data r e c o r d e r was m o d i f i e d f o r 
current i n p u t . We expect to measure higher par t i c l e 
energies than the present gridded e n d - l o s s ana lyzers 
as we l l as to more accurate ly determine the energy 
spectra. 

"Work was performed under the a u s p i c e s of the U.S. 
Department of Energy by the Lawrence Llvermore 
N a t i o n a l L a b o r a t o r y u n d e r c o n t r a c t number 
W-7H05-ENG-U8." 

Introduction 
The t a n d e m - m i r r o r machine (TMX-U) at Lawrence 
Llvermore National Laboratory Is an open-ended design 
using the tandem-mirror magnet l c - f l e ld c o n f i g u r a t i o n 
and thermal barriers. By open ended we mean that Ions 
and e lec trons car escape from the plasma region along 
magnetic f i e l d l i n e s . The end- loss - ion spectrometer 
(ELIS) i s designed to determine the energy spec tra of 
i o n s with d i f f e r e n t masses, u s u a l l y deuterons and 
protons, escaping from the end region. 

Apparatus 

THX-U 

The c u r r e n t TMX-U c o n f i g u r a t i o n with magnets and 
neutral-beams is depicted in Fig. 1. 

&-S 

Figure 1. TMX-U. 

As indicated, the two ELIS instruments are loca ted at 
each end or the machine. The plasma Is conf ined 
within the magnetlc-f leld l i n e s and fans out toward 
the end of the ELIS instruments. 

El IB Analyzer 

The major components of 
are detai led In Fig. 2. 

the ELIS diagnostic Instrument 
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Figure 2. E)|B analyzer. 

The E | |B analyzer (of Tokamak Fusion Test Reactor 
design) has e lectr ic and magnetic f i e lds perpendicular 
to the plane of the f i gure [Ref . 1 ] . This analyzer 
w i l l s p a t i a l l y separate p a r t i c l e s with d i f f e r e n t 
masses and energies. The opposing magnetic-pole faces 
determine the E| |B analyzer region, Indicated by the 
shaded area of the f i g u r e . A large f l a t e l e c t r o d e 
s i m i l a r In shape and s i ze to the E||B analyzer region 
i s a t tached to one of the magnet ic -po le faces and 
I n s u l a t e d from I t . A high v o l t a g e applied to t h i s 
e lectrode wil l e s tab l i sh the des i red e l e c t r i c f i e l d 
b e t w e e n the e l e c t r o d e and the opposi te grounded 
magnetic-pole face. The e l e c t r i c f ie ld separates the 
Ion masses in the d i r e c t i o n perpendicular to the 
magnetic-pole faces. Meanwhile, the magnetic f i e l d 
spreads ton energ ie s of each mass to different path 
r a d i i , as indicated by the curved path l i n e s in the 
f igure . 

Attenuation grids are used to reduce ion flux rrom the 
p lasma and to prevent space-charge blowup of ion 
b e a m l e t s w i t h i n the E | | B a n a l y z e r r e g i o n . A 
normal i za t ion detec tor i s provided to monitor t h t 
t o t a l Ion flux from the plasma. During t e s t i n g and 
c a l i b r a t i o n the Ion s o u r c e i s moved i n t o t h e 
spectrometer f ie ld of view to s imulate a plasma Ion 
flux of known energy, mass, and spatial def in i t ion . 

The straight-through d e t e c t o r Is used to s e t up the 
c a l i b r a t i o n Ion source for energy, aiming, and focus. 
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The two apertures, a s i l t , and then a c i r c u l a r h o l e , 
de f ine the f ie ld of view Tor the instrument. Located 
between the apertures Is a m a g n e t i c s h i e l d t h a t 
t e r m i n a t e s the m a g n e t i c - f i e l d l i n e s from TMX-U, 
protects the ions from the fringe f i e l d s of the C | j B 
a n a l y z e r , and provides a f i e l d - f r e e drif t region In 
which the Ions can move In s t r a i g h t l i n e s to de f ine 
their d irect ion and incident pos i t i ons . 

Detector Array 

The d e t e c t o r array consists of two se t s of 60 small-
area current co l lec tors with e ight large -area border 
c o l l e c t o r s , as shown In Figs. 3 and 1. 

Bandtnctol • 1 khi 
Output nom < 500 wV 
V— • 5 mV/rtA 

D* (k»V> 0.25 0.5 1 2 3 4 5 6 7 8 
H* (k*V) 0.5 1 2 4 6 8 10 12 14 16 

''-Entrance hole 
45 cm 

^Oetaefar n Detector array j 

Figure 3. ELIS detector array. 

Figure 5. Schematic of ELIS 8212 1/V amplifier. 

to make further changes or adjustments to the modified 
data recorders; the noise floor Is normally 2.<| nA at 
a sample rate of 5 kHz. 

CAMAC System 

The CAMAC system, shown in F.'.g. 6, consists of three 
crates Interfaced t o g e t h e r by way of a f i b e r - o p t i c 
s e r i a l link running at 5-Mhz data byte rate. 

Manor control 

Figure 1. ELIS detector and re-entrant box. 

In Fig, 3 the gradually widening pairs of l ines across 
the upper and lower arrays I l l u s t r a t e the vert ica l 
extent of the Ions at the detector . The width of each 
act ive co l l ec tor is sized to equal energy steps across 
the f u l l width or the array, excluding the end border 
c o l l e c t o r s . Two logical groups are included, one for 
D* lona and the other for H» i o n s . The array was 
f a b r i c a t e d from 1/U- lnch-th lck C10 epoxy f iberglass 
with 2-oz. copper plating. Electr ica l connections to 
t h e c o l l e c t o r s are by way of p l a t e d - t h r u h o l e s to 
vacuum-compatible 55-pln hermetic connectors ins ta l led 
i n a r e - e n t r a n t box that prov ides the support and 
alignment or the detector array. 

Data Recorders 

Commercial data recorders (LeCroy Model 8212A) were 
modif ied for current input by replaclrg the res i s tor 
packs of the Input bufrer a m p l i f i e r s with a 5 Mil 
feedback r e s i s t o r , as shown In Fig . 5. 

With three reef of s h i e l d e d , t w i s t e d - p a i r c a b l e 
connected to the vacuum feed- thru connectors of the 
detector array, the measured frequency response was 3 
dB l o s s at 2-kHz frequency. I t has not been necessary 
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Figure 6. ELIS CAMAC system. 

Analyzer Crate: The analyzer crate is mounted to 
the ELIS analyzer at the machine-end l o c a t i o n . I t 
c o n t a i n s the modif ied LeCroy data recorders, Kinetic 
Systems 3952 s e r i a l c r a t e c o n t r o l l e r , LeCroy 5211 
f i b e r - o p t i c U-Port adapter, and in-house-bullt clock 
t r i g g e r module. We c u r r e n t l y use four I/V d a t a 
recorders to monitor the 128 detector-array data l i n e s 
wi th master t iming provided by the c l o c k t r i g g e r 
m o d u l e . The c r a t e i s p o s i t i o n e d s u c h t h a t 
in terconnect l i n e s from the data recorders to the 
vacuum feed-thru connec tors need not be longer than 
three f e e t . By mounting the analyzer crate on the 
E| jB analyzer the task of grounding and shielding Is 
reduced, because the f i b e r - o p t i c l ink I s o l a t e s the 
data recorders from any ac ground-loop problems. 

Auxiliary Crate: The auxiliary control c r a t e Is 
l o c a t e d In a supplemental equipment rack outside the 
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TMX-U p i t . approximately SO feet from the east end of 
the m a c h i n e . This l o c a t i o n was chosen to permit 
manual control or the analyzer-magnet power supply and 
E-f le ld vol tage . This location Is also convenient for 
I n s t a l l i n g the Hall probe monitor , magnetic power 
supp ly , and h igh-vo l tage power supplies required for 
c a l i b r a t i o n . The auxil iary crate conta ins a K i n e t i c 
Systems 3952 s e r i a l c r a t e c o n t r o l l e r ; a LeCroy 5 ? n 
f i b e r - o p t i c U-Port a d a p t e r ; a LeCroy 2 1 1 5 hy 
programmable power supply f?r the E - f l e l d v o l t a g e 
source; a Kinetic Systems 3162 ower supply control ler 
for fu ture control of the ELIS magnet power supply; a 
LeCroy 8212 data recorder for E - f l e l d , B - f l e l d , and 
ELIS-magnet-current moni tor ing; and a clock trigger 
module for master timing. 

Master Control Crate; The master control crate 
i s located in the diagnostic area on the second f l o o r 
of the TMX-U building, approximately 200 feet from the 
auxi l iary equipment rack l o c a t i o n . I n s t a l l e d in the 
master c o n t r o l cra te i s a LeCroy 5211 f iber-opt ic U-
Port adapter, a Kinetic Systems 3992 s e r i a l highway 
d r i v e r , and an Aeon 5622 GPIO Crate control ler . This 
equipment provides an I n t e r f a c e between the l o c a l 
control computer and the f iber -opt ic data link that is 
connected to the remote analyzer and auxiliary crates . 
The data l ink runs at 5-MHz byte rate and transfers 
128 K words of data In 300 ms. The r e l i a b i l i t y of the 
data has been very good. 

sy s t em by the loca l vacuum c o n t r o l l e r . For l e a k -
hunting, the TMX-U vacuum system can o v e r r i d e l o c a l 
c o n t r o l to open or c lose the valve, provided that the 
loca l vacuum control ler d irec t s the valve to open. No 
a c t i o n can be taken by TMX-U vacuum system for a 
condition where the local controller directs the valve 
t o remain c l o s e d . The i n t e n t of the system i s to 
protect TMX-U should a vacuum f a i l u r e deve lop w i t h i n 
the E| |E ana lyzer . Acceptable vacuum l e v e l s can be 
programmed In the 303 vacuum c o n t r o l l e r and a r e 
retained by battery backup in the event of power l o s s . 
This system is easy to use and has been trouble f r e e . 

Computer System 

The ELIS computer system represented In F i g . 8 , i s 
based on a Hewlett-Packard 9836c that runs under the 
Basic 3.0 operating system. All programming was l n -
house and can be d iv ided among three t a s k s : CAMAC 
c o n t r o l , data p l o t t i n g , and data a n a l y s i s . T h i s 
d i a g n o s t i c system was designed to be Independent with 
the exception of master timing. The data r e c o r d e r ' s 
c lock and t r i g g e r come rrom the TMX-U master timing 
system. Two additional requirements are as f o l l o w s . 
F i r s t , the current shot ident i f icat ion number must be 
obtained from the TMX-U central d i a g n o s t i c computer. 
Second, a means to transfer processed data to the TMX-
U central diagnostic computer system must be provided. 

Magnet Control 

The ELIS magnet power s u p p l y i s l o c a t e d at the 
auxi l iary equipment rack and connected to the EI 1B 
a n a l y z e r by way of c a b l e s run In conduit. The E| | B 
ana lyzer magnetic f i e l d i s manual ly a d j u s t e d by 
moni tor ing an F.W. Bel l 620 Hall-probe instrument. 
The E - f l e l d v o l t a g e for the E | |B analyzer Is a l s o 
m a n u a l l y s e t on the LeCroy 2115 hv power supply . 
Provisions for computer control and monitoring of both 
the magnet ic f i e l d and E-f ie ld have been made in the 
p r e s e n t system although not y e t In the computer 
software. 

Vacuum System 

Vacuum c o n t r o l and m o n i t o r i n g Is done by an 
Independent system based on the Granvil le-Phil l ips 303 
vacuum control ler , depleted In Fig. 7. 

Oiignoiticma 

303 vacuum eonirallir TMXU VKUum 
mutlock 

Figure 7. ELIS vacuum system. 

A 6 - l n . va lve , separating the E||B analyzer from TMX-
U, i s operated through the TMX-U vacuum i n t e r l o c k 

Figure 8. ELIS computer system 

The shot number Is obtained by reading the data l i n e s 
o f a d e d i c a t e d GPIB i n t e r f a c e I n s t a l l e d In the 
HP9836C. This I n t e r f a c e Is connected to a K i n e t i c 
Systems 3388 GPIB Interface in a separate CAMAC crate 
having access to the TMX-U diagnostic computer system. 
GPIB protoco l Is not used because TMX-U outputs the 
shot number along with a service request (SRQ) to the 
interface . The HP9836C then reads the GPIB data l i n e s 
and Issues an Interface clear (IFC) command when done. 
This method is easy to implement, works wel l , and has 
l i t t l e Impact on the TMX-U computer system. 

To t rans fer processed data rrom the HP9863C to the 
TMX-U diagnostic computer, we currently load the data 
onto a HP9121 floppy disk and manually transfer this 
disk to a HP9121 drive connected to the TMX-U computer 
system. The current, manual data-transfer method w i l l 
soon be replaced by a shared resource management (SRM) 
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s y s t e m , which Is t i e d to a l l computer systems and 
allows common f i l e access . 

The normal sequence of operations for a typical shot 
i s as rollowa. The TMX-U d i a g n o s t i c computer loads 
the sho t number Into the 3388 GPIB interface at TO-3 
minutes. The HP9B36C c o n t r o l computer picks up the 
SRQ from the dedicated GPIB port , then arms a l l LeCroy 
8212A data recorders . I t next moni tors the da ta 
recorder for t r i g g e r s t a t u s . When trigger status Is 
indicated, the LeCroy 8212* data Is read out to RAM 
memory in the HP9836C. There i t Is formatted and then 
stored on a local hard disk along with the date, time, 
and s h o t number for f i l e I d e n t i f i c a t i o n . An IFC 
command Is issued to the dedicated GPIB to r e s e t the 
shot number i n t e r f a c e . A s e r i e s of hidden-line data 
p lots i s then generated to s e r v e as an overview of 
TMX-u machine performance. The f i n a l s t ep Is to 
analyze the data, generate the r e s u l t a n t p l o t s , and, 
i f r equ ired , s t o r e the proces sed data on the HP9121 
floppy disk. Then the sequence i s repeated for the 
next shot . 

System Spec i f i ca t ions 

Detector Array 
Detector plate: 128 c o l l e c t o r array 
I/V Amplifier: 1 nA to 2 uA, 2 kHz 
Transit record: 2 uA. 100 ma, 128-channel analog 

t o d i g i t a l c o n v e r t e r (ADC) 
12 bits 

Straight-Through Detector [Refs . 2 ,3 ] 
Ion repel ler: »9 kV, 1 mA 
Electron repel ler: -« W , 1 i * 
I/V Amplifier: 10 nA to 20 uA. 2 kHz 
Transit record: 20 uA, 100 ms, 2 kHz, 1-channel 

ADC 12 b i t s 

Normalization Detector 
Electron repel ler: -U kV, 1 oA 
I/V Amplifier: 10 nA to 20 uA, 2 kHz 
Transit record: 20 uA, 100 ms, 2 kHz, 1-channel 

ADC 

Ion Source 
Anode bias: »10 kV, 10 mA 
Cathode bias: ±5 kV, 10 mA 

Elnzel Lens 
Element 1: t2 M , i u 
Element 2: t2 kV, 1 oA 

Electric Field 
E-fleld plate: *1 kV, l DA 
Voltage monitor: 0 to *1 kV, 2 kHz 
Transit record: 2 V, 100 ms, 2 kHz, i-channel 

ADC 12 bits 

Results 

Figure 9 Is an example of the h i d d e n - l i n e data p l o t 
for a TMX-U plasma shot on January II , 1985. The D* 
plasma I n i t i a l l y forms at about 12-ma shot time and 
t e r m i n a t e s at around 70 ms. Note tnat the energy 
spectrum can vary considerable in shape ond p o s i t i o n 
on the energy scale during a plasma shot. 

11 Jan. 1985 (shot 8) 

0 500 1000 1500 

D energy («V) 

Figure 9. EL1S shot data. 
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