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ABSTRACT 

This paper describes the use of an 3He ionization chamber for neutron 
spectroscopy on TFTR during 1987. The ion temperature was measured using 
neutron spectroscopy for one set of ohmically heated plasmas. The deduced ion 
temperatures agreed to within 20Z with those measured by other diagnostics. 
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INTRODUCTION 

Neutron spectroscopy is capable of determining the ion temperature in 

deuterium and deuterium plus tritium plasmas. If the ion energy distribution 

is Maxwellian [1], then the neutron energy spectrum is centered on 2.45 MeV 

for the d(d,n) He fusion reaction with a full width at half-maximum, AE 

measured in keV, of approximately 

4E d d = 82.5 /T. . (1) 
n L 

For the d(t,n)a fusion reaction, the spectrum is centered at 14.1 MeV with a 

full width at half-maximum of 

AE d t « 177 /T. , (2) 
n i 

where T- is the ion temperature in keV. If the Doppler width AE is measured, 

then the ion temperature is obtained from Eqs. (1) or (2). The He ionization 

chamber was used on TFTR to measure the d(d,n)3He neutron spectrum. The 3He 

ionization chamber has about 1-22 energy resolution so that it is suitable for 

ion temperature measurement. We measured the ion temperature of an ohmically 

heated deuterium plasma on TFTR. The He ionization chamber has a limited 

dynamic range, and only one ohmic discharge condition was measured during the 

1987 TFTR run sequence. 

The detector and neutron collimator have been used previously on PLT 

[3,4] and also on TFTR [5]. Similar systems have been used on Alcator C [6,7] 

and JET ,[8]. The quality of the deduced ion temperature is dependent entirely 

on Che number of full energy neutron counts. PLT [4j achieved only about 50 

counts, and with these data could claim only consistency of the spectrum with 
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the otherwise measured ion temperature. Here, as with the earlier TFTR data 

[5] and the HIT data [6,7], the counts total in the 100 to 200 range and an 

ion temperature can be determined although with about 20Z accuracy. So far, 

only in the JET case [8] where the counts total in the 10 range is the ion 

temperature attained with precision better than 102. On JET [8], the neutron 

spectral deduced ion temperature was combined with the neutron emission level 

to infer the deuteron depletion. For these TFTR data, the uncertainties are 

so large that this cannot be done accurately. 

1. Instruments 

The detector, a gridded He ionization chamber filled with 3 atm of He, 

6 atm of argon, and 0.5 atm of methane, was built commercially by Seaforad. 

Figure 3.5 of Re£. [5] shows the TFTR arrangement of the 3He ionization 

chamber mounted in the collimator made of Li^CO? and paraffin. The collimator 

was placed on the floor of the test cell about 14.5 m from the center of the 

plasma, and pointed at the plasma midplane in a direction perpendicular to the 

plasma current. 

Figure 1 shows a block, diagram of the He ionization chamber 

electronics. A pulse generator supplied 60 Hz test pulses to the preamplifier 

and tested for electronic noise and pulse piieup. The charge sensitive 

preamplifier was mounted directly on the ionization chamber. The pulse height 

amplitudes from the spectroscopy amplifier were digitized and stored in 

CICADA. Time evolutions of the amplifier output were processed by two single 

channel analyzers (SCA). The lower level discriminator and upper level 

discriminator of the first SCA corresponded to the lower side and upper side 

of the thermal peak, respectively, (see Fig. 2). Those of the second SCA 

corresponded to the lower side and upper side of 2.5 MeV peak, respectively. 
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Window outputs and upper level outputs of these SCA were counted by scalers 

and also were stored in CICADA. 

2. Measurements 

A pulse height spectrum was obtained by accumulating the counts for 22 

ohmically heated TFTR plasmas (Fig. 2). The 3He ionization chamber utilizes 

the n( He,p)t nuclear reaction 

3He + n • T + p + 0.765 MeV . 

Each pulse height corresponds to the energy of the neutron plus the reaction 

energy of 0.765 MeV. The thermal neutron cross section of the reaction is 5.3 

x 10 3 balance, aud has a l/(E n) 1' dependence so that there is a large 

sensitivity to thermal and epithermal neutrons. Elastic scattering of the 
3 • 

incident neutrons with He and hydrogen in the detector account for the counts 
in the range of E Q > 150 keV, and produces a continuum with the maximum energy 

t •} 

of 0.75 E_. In Fig. 2. one shoulder at Channel 92 is due to the He recoils 
n ° 

while the shoulder at Channel 115 is due to elastic scattering with the 

hydrogen of the methane. There is some evidence of pulse pileup of the 

thermal peak with itself, with the pulser (the peak at Channel 405), and with 

the 2.45 MeV peak. .The energy calibration of the channels was deduced from 

the knowledge of the amplifier linearity, and the fact that the thermal peak 

corresponds to E n = 0 but with- 0.765 MeV of charged particle energy in the 

detector. 

The time evolution of the neutron source strength (Fig. 3), the line-

averaged density, and the central electron temperature (Fig. 4) indicated that 

each shot had a steady-state plasma lasting for about 3 sec with an average of 
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7 x 10 1 2 neutrons/sec. The total yield of about 3.6 x lO 1^ neutrons was 

required to produce the spectrum in Fig. 2. These were from TFTR plasmas in 

the series 30246 to 30313. 

The time evolution of the scaler which monitored the pulser (Fig. 2) 

indicated a constant 60 Hz signal (Fig. 5). The time evolution (Fig. 6) of 

the recoil counts (Fig. 2) indicated the 60 Hz background since the pulser 

signal was also included as well as a signal proportional to the neutron 

emission. The time evolution of the thermal peak (Fig. 7) also indicated a 

signal proportional to the neutron emission. The time evolution of the 2.45 

MeV neutron peak (Fig. 8) also indicated a signal proportional to the neutron 

emission. The 2.45 MeV neutron counts were about 3 « 10 of the total counts 

in the detector. 

The pulse width of the He ionization chamber is about 20 usee long and 

the amplifier shaping constant is 12 usee. The count rate must be less than a 

few times 10 cps in order to resolve individual pulses. In Fig 9, the total 

count rate of the He ionization chamber is plotted against the neutron source 

strength for ohmically heated and 1.8 MW deuterium neutral-beam-heated 

plasmas. The count rate was linear for each case individually for neutron 

source strengths less than about 3 x 10 n/sec. However, there was a 

systematic difference (between 30-50Z) between the OH and NB cases which is 

not understood at present. One possibility is that the anisotropy of the 

d(d,n)3He fusion reaction caused a smaller percentage of the total neutron 

yield to be directed in the direction of the neutron collimator when the 

source was dominated by beam-induced fusion reactions [9]. Another 

possibility is that the profile shape was different for ohraic and beam-induced 

reactions (calculations indicated that it was probably narrower in the ohmic 

case) and that the collimator viewed these profiles with different 
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efficiency. A third possibility is that the effect was a by-product of the 
detector approaching saturation. Notice that the beam-heated cases all have 
higher neutron emission than the ohmic cases. 

The FWHM of the thermal peak, increased for the neutron source strengths 
11 — 1 above 10 sec (Fig. 10). The thermal peak was not resolved for neutron 

source strengths greater than 3 x 1 0 " n/sec. This figure suggests that 
the He ionization chamber should be used with the neutron source strength 
less than about 1 0 1 3 n/sec. It can also be used with source strengths up to 3 
x 10 n/sec but with some degradation of the energy resolution. The energy 
resolution of the detector at 2.5 HeV ia about three times worse than the 
thermal width for low count rates [10]. 

The experimental width of the 2.45 HeV neutron peak is 0.142 ± 0.009 MeV 
and includes broadening caused by scattered neutrons and electronic noise. 
The neutron spectral width, AE , is 

(AE ] 2 = (AE)2 - (AE J 2 - ( A E J 2 , "• n J K ' v scat' l A' 

where AE is the measured FWHM, AE t is the FWHM caused by scattered 
neutrons (approximately 10 keV), and AEj ia the decector energy resolution 
estimated by the FWHM of the thermal peak or approximately 50 keV. It is 
assumed that a E

s c a t is 7Z of AE n according to the calculation of Ref. [5]. 
The one standard deviation uncertainty in T- is 

AT. AE, 2 
^ = /27R {1 • (jg4) } , (4) 
i n 

where N is the total counts in the peak. Equation (4) represents the 
statistical uncertainty in the absence of the scattering effects. Figure 11 
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shows the pulse-height spectrum of Fig. 2 in the vicinity of 2.5 MeV. The 

dashed line is the curve fitted by linear plus Gaussian. The best fit to the 

curve yields AE n/E n = 10Z and AT^/Tj = 192. The spectra from JET [11] have a 

similar low energy tail which they have attributed to detector wall counts and 

which they claimed caused an approximately 701 increase in the statistical 

uncertainties. Since the net result of the scattered neutrons on the Gaussian 

fitting is similar to that of the wall counts, we might expect that Eq. (4) 

similarly underestimates the actual uncertainty. The derived ion temperature 

agreed with other diagnostics (Table 1} within the uncertainty [Eq. (4)]. 

CONCLUSION 

Neutron spectroscopy provided a central ion temperature of a TFTR 

ohmically heated plasma with about 20% uncertainty. The energy resolution of 

the He ionization chamber degraded at neutron source strengths about 10 

n/sec. 
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TABLE 1. Central Ion Temperature Comparison for 1.8 MA ohmic Plasma 

Ion Temperature in keV 

T^ns) T^cx) Tj(ka) T^SNAP) T.(n) 

2.5 +0.5 2.3 2.0 2.1 2.05 

T^tn.s): ion temperature derived from the neutron spectrum 

T-(cx); ion temperature measured by charge exchange 

T^{ka): ion temperature measured by <a spectroscopy 

T^SNAP): central ion temperature analyzed by SNAP with 3x 

Chang-Hinton ion conductivity 

T-(n): ion temperature measured by neutron source strength 

with n./n„ = 0.9 assumed, a e 
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FIGURE CAPTIONS 

FIG. 1. Block diagram of the He ionization chamber electronics. The cime-
•» 

integrated pulse height spectrum and time evolution of four pulse 

height regions are recorded for each plasma. These data can , 

subsequently be summed for similar plasmas. 

FIG. 2. Pulse height spectrum from the J H e ionization chamber. The regions 

of pulse heights recorded by the scalers are indicated. 

FIG. 3. Time evolution of the neutron emission as measured by the fission 

detector system [2] for one of the ohmic plasmas accumulated to form 

the spectrum in Fig. 2. 

FIG. 4. Time evolution of the line-integral density and the central electron 

temperature for the ohmic plasma in Fig. 3. 

FIG. 5. The accumulated scaler counts for the SCA channel monitoring the 60 

Hz pulses. Each time bin is 150 msec and the data were summed over 

the 22 plasmas. 

FIG. 6. The accumulated scalar counts for the Upper Level Discriminator (ULO) 

SCA output which monitored the recoils plus the 2.45 KeV neutrons 

plus the scaler. Each time bin is 50 msec and the data were si mmed 

over the 22 plasmas as for Fig. 5. 

FIC. 7. The accumulated scaler counts for the thermal neutron peak (Fig. 

2 ) . Each time bin is 100 msec and the data were summed for the 22 

plasmas as for Figs. 5 and 6. 

FIG. 8. The accumulated scaler counts for the 2.45 MeV neutron peak (see Fig. 

2 ) . Each time bin is 250 msec and the data were summed for the 22 

plasmas as for Figs. 5-7. 
If 
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FIG. 9. The dependence of the total detector count rate upon the neutron 

source strength for ofunic plasmas (open circles) and deuterium beam 

heated plasmas (closed circles). 

FIG. 10. The width of the thermal neutron peak as a function of source 

strength. 

FIG. 11. The neutron spectrum from Fig. 2 in the vicinity of 2.5 MeV. The 

dashed line is the calculated spectrum used to deduce T-. The 

calculation [5] takes into account neutron scattering by fitting the 

tail in the region below 2.5 MeV. 



Guard1' 

Grid , 
PREAMP 

PULSE 
GENERATOR Signal 

Power 

AMPLIFIER 

MULTICHANNEL 
PHA 

Fig. 1 

#880466 

HIGH 
VOLTAGE 

SINGLE CHANNEL 
ANALYZER 

ULD. 
Window 

SINGLE CHANNEL 
ANALYZER 

ULD 
Window 

SCALER 
Computer 

Computer 



13 

SINOOO 



I 0 1 2 Neutrons/sec. 
ro w •*» 01 <j> 

n 



15 

#87X1 144 

3 4 
TIME (sec) 

3 4 
TIME (sec) 

Fig . 4 



16 

300 
# 8 7 X I I 40 

co 200 

O 
o 
O 
UJ 

3 IOO 

3 4 
TIME (sec) 

Fig. 5 

* 



17 

200 

co 
i -
2 
13 
O 
O 
S too 

3 
CO 

3 4 
TIME Csec) 

5 6 7 

Fig. 6 



18 

2000 
# 8 7 X I I 39 

1 5 0 0 -

co 

o 
o 
Q 
UJ 

CO 

0 0 0 -

5 0 0 -

2 3 4 
TIME (sec) 

F i g . 7 

* 



SUMMED COUNTS 



20 

# 8 8 0 4 6 7 

NEUTRON SOURCE STRENGTH Cn/sec) 

Fig. 9 

1 



21 

#87X1 146 
10 

-

1 1 

OH 

l 1 l 1 1 1 | i 1 1 1 1 1 1 l_ 

NB 

> 
0) 

No Thermal Peak 
-

PE
A

K
 

OF
 T

H
E

R
M

A
L ro

 
1 

I 
1 

I 
I 

| 

i/f-

| I I 
i 

i 
i 

2 
X 

in ' 

-

1 1 

4-

1 

•/A 
• ^^ 

i i i i i 1 

1 

i l i i i i i i 
10 12 10'* 

NEUTRON SOURCE STRENGTH (n/sec) 
I01 J4 

Fig. 10 



#87X1 145 

190 
CHANNEL 

210 

Fig- 11 
c # 



EXTERNAL DISTRIBUTION IX ADDITION TO UC-20 

Or. Frank J. Paoloni, Jniv of Wollangong, AUSTRALIA 
Prof. M.H. Brennan, Univ Sydney, AUSTRALIA 
Plasma Research Lab., Australian Nat. Univ., AUSTRALIA 

* Prof. I.R. Jones, Flinders Univ., AUSTRALIA 
Prof. F. Cap, Inst Theo Phys,, AUSTRIA 
Prof. M. Heindler.lnsritut fur Theoretische Physik.AUSTRIA 

» M. Goossens, Astrononisch Instituut, BELGIUM 
Eeole Royale Militaire, Lab de Phys Plasmas, BELGIUM 
Commisslon-Eurogean, Dg-XI I Fusion Prog, BELGIUM 
Prof. R. Boucique, Laboratory urn voor Natuurkunde, BELGIUM 
Dr. P.H. Sakanaka, Instltuto Fisica, BRAZIL 
Instituto Oe Pesquisas Espaciasl-INPE, BRAZIL 
Documents Office, Atonic Energy of Canada Limited, CANADA 
Dr. M.P. Bachynskl, MPS Technologies, Inc., CANADA 
Dr. H.M. Skarsgard, University of Saskatchewan, CANADA 
Dr. H. Barnard, University of British Columbia, CANADA 
Prof. J. Teichmann, Univ. of Montreal, CANADA 
Prof. S.R. Sreenlvesan, University of Calgary, CANADA 
Prof. Tudor W. Johnston, INRS-Energle, CANADA 
Dr. C.R. James, Univ. of Alberts, CANADA 
Dr. Peter Lukac, Komanskeho Univ. CZECHOSLOVAKIA 
The Librarian, Culham Laboratory, ENGLAND 
The Librarian, Rutherford Appleton Laboratory, ENGLAND 
Mrs. S.A. Hutchinson, JET Library, ENGLAND 
C. Mouttet, Lab. de Physique des Milieux Ionises, FRANCE 
J. Rav-let. CEN/CAOARACHE - Bat 506, FRANCE 

•* Univ. 01 loannina, Library of Physics Oept. GREECE 
Dr. Tom Mual, Academy Bibliographic Ser., HONG KONG 
Preprint Library, Hungarian Academy of Sciences, HUNGARY 

' Dr. B. Dasgupta, Saha Inst of Nucl. Phys., INDIA 
Dr. P. Kaw, Institute for Plasma Research, INDIA 
Dr. Philip Rosenau, Israel Inst. Tech, ISRAEL 
Librarian, Int'i Ctr Theo Phys, ITALY 
Prof. G. Rostagni, Univ Di Padova, ITALY 
Miss Clelia De Palo, Assoc EURATOM-ENEA, ITALY 
Blblioteca, Instituto di Fisica del Plasma, ITALY 
Dr. H. Yanato, Toshiba Res 1 Dev, JAPAN 
Prof. I. Kawakaai, Atomic Energy Res. Institute, JAPAN 
Prof. Kyoji Nishikana, Unlv of Hiroshima, JAPAN 
Direc. Dept. Large Tokamk Res. JAERl, JAPAN 
Prof. Satoshl Itch, Kyushu University, JAPAN 
Research Info Center, Nagoya University, JAPAN 
Prof. S. Tanaka, Kyoto University, JAPAN 
Library, Kyoto University, JAPAN 
Prof. Nobuyuki Inoue, University of Tokyo, JAPAN 
S. Mori, JAERl, JAPAN 
Librarian, Korea Advanced Energy Res. Institute, KOREA 
Prof. D.I. Choi, Adv. Inst Scl I Tech, KOREA 

' Prof. B.S. LI ley, University of Waikato, NEW ZEALAND 
Institute of Plasma Physics, PEOPLE'S REPUBLIC Of CHINA 
Librarian, institute of Phys., PEOPLE'S REPUBLIC OF CHINA 

1 Library, Tslng Hua University, PEOPLE'S REPUBLIC OF CHINA 

Z. Li, Southwest Inst. Physics, PEOPLE'S REPUBLIC OF CHINA 
Prof. J.A.C. Cabral, Inst Superior Tecnico, PORTUGAL 
Or. Octavian Petrus, AL I CUZA University, ROMANIA 
Dr. Johan de Villiers, Fusion Studies, AEC, SO AFRICA 
Prof. M.A. Hellberg, University of Natal, SO AFRICA 
C.I.E.M.A.T., Fusion DIv. Library, SPAIN 
Dr. Lennart Stenflo, University of UMEA, SWEDEN 
Library, Royal Inst Tech, SWEDEN 
Prof. Hans Wllhelmson, Chalmers Univ Tech, SWEDEN 
Centre Phys des Plasmas, Ecole Polytech Fed, SWITZERLAND 
Bibliotheek, Fom-lnst Voor Plasma-Fysica, THE NETHERLANDS 
Dr. D.D. Ryutov, Siberian Acad Scl, USSR 
Dr. G.A. Eliseev, Kurchatov Institute, USSR 
Dr. V.A. Glukhikh, Inst Electrophysical Apparatus, USSR 
Dr. V.T. Tolok, Inst. Phys. Tech. USSR 
Or. L.M. Kovrlzhnykh, Institute Gen. Physics, USSR 
Nuclear Res. Establishment, Julich Ltd., W. GERMANY 
Blbliothek, Inst. Fur Plasmetorschung, W. GERMANY 
Dr. K. Schindler, Ruhr Unlversitat Bochum, W. GERMANY 
ASDEX Reading Rm, IPP/Maic-Planck-lnstitut fur 

Plasmaphysik, W. GERMANY 
Librarian, Max-Planck institut, W. GERMANY 
Prof. R.K. Janev, Inst Phys, YUGOSLAVIA 


