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Meagsurements of the activation levels around the PLT and PDX tokarmzks
’ have been made using a Ge(Li) gamma spectrometer and a Geiger counter. The
activation results from radiation induced in the plassa by 14 MeV neutrons

from the d(t,n)a fusion reaction, 14.7 MaV protons from the d(3He,pia fusion

3

reaction, 10 + 20 MeV hard x-rays from runaway electron induced bremmstrah-
lung, and 2.5 MeV neutrons from the d(d.n)"ﬂu fusion reaction. The magnitude

of the activation is cowmpared to that predicted for PDX on the basis of one-

dimensional activation codes.
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f. INTRODUCTION

Neutron activation is an important consideration in the design of a
fusion reactor due to its influence on the operation, maintenance, and
eventual disposal of the reactor. Although pressnt reseirch devices and, in
particular, tokamaks have not been hampered by activation, this situation will
change in the next generation of large tokamaks. In fact, neutron activation
is one of the major concerns in planning the experimental program for the
Tokamak Fusion Test Reactor (TFTR) (1] whose principal goal is to achieve
sclentific energy breakeven with deuterium-tritium operation. It ia hoped to
complete most of the important TFTR experiments before remote maintenance
becomes imperative. The experimental flexibility of the device will be
reduced after the long-lived vessel contact activity exceeds about 10 mR/hr.
In this paper, we report measurements of machine radiocactivity following
expariments on the PLT and PDX tokamaks. These devices have considerably less
radioactivity than is expected for TFTR since the neutron emigsion level is
many orders of magnitude smaller and also since 2.5 MeV neutrons from the
d(d,n)3He fugion reaction dominate while TFTR will be dominated by 14 MeV
neutrons from the d(t,n)a fusion reaction. However, the measurements reported
here do provide a check point for neutron activation codes and are the first

measurements of nstutron activation around a tokamak.

2. RADIATION CHARACTERISTICS

Activation occurs on the PLT (Prirceton large Torus) and the PDX
(Poloidal Divertor Experiment) tokamaks due to radiation in the form of 14 MeV

neutrons, 14.7 MeV protons, 10 + 20 MeV hard x-rays, and 2.5 MeV neutrons



(Table 1). The large yields of 14 MeV neutrcas (~ 107V/ahot) ocour from
d(t,n)a fusion reactions where the tritons have been produced by the d4{4,plt
fusion reaction. These 1 MeV tritons are confined inside the tokamak plasma
and slow down through the maximmm of the dt cross section [2]. The large
yields of 14.7 MeV protons (~ 2 x 10'2/shot) arise from ICRF (Ion Cyclotron
Range of Frequency) heated PLT plasmas [3] where a e minority species is
heated directly by the ion cyclotron waves to energies ~ 80 + 100 keV, thus
inducing d(3ne,p)a fusion reactiona. The 10 + 20 MaV hard X-rays occur nn PLT
or PDX due to thick target bremastrahlung resulting from runaway electron
bombardment of the limiter which defines the plasma boundary [4-6]. Levels of
~ 400 R/shot have been observed when, under adverse conditions. considerable
plasma current im carried by runaway electrons. The large vields of 2.5 MeV
neutrons (~ 2 X 1013/lh0t) have accurred during 40 » 50 keV deuterium neutral

beam injection (3 MW on PLT, 8 MW on PDX) and results from beam-target

d(d,n)3He fugion reactions [7].
3. PLT ACTIVATION DUE TO 14 MeV NEUTRONS

Since the production of 14 MeV neutrons in PLT depends primarily on the
confinement of the fusion produced 1 MeV tritons, the levels of dt neutron
production are only ~ 0.01 + 1% of the levels of dd neutron production. This
means that on PLT/PDX the activation due to the 14 MeV neutrons is relatively
unimportant although some 271(n, a) 2“Nl(ﬂ'ﬂ'r) activation can be unambiguously
1de.nti£ied with the 14 MavV neutrons. Oa TFTR, these 1 MeV tritons will be
better confined and will gpend & longer time slowing down so that a larger
burnup fraction or dt/dd ratio of ~ 0.5 +» 5% can be expected, . Still, as for
PLT, this component will produce a relatively small activation compared to the

44 nsutrons.
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The important 14 MeV neutrcon activation on TFTR will occur uith deuterium
beam injection into tritium plasmas. The ensuing TFTR activity levels ca.not
be estimated from tie above PLT 14 MeV neutron emission. Instead, by
calibrating dd activation codes to PLT dd activation levels, one can probably

also usefully calculate the dt activation level.

4. PLT ACTIVATION DUE TO 14.7 MeV PROTONS

The 14.7 MeV proténs are lost from the PLT plasma along particle orbits
affected by the gradient and curvature drifto so that they tend to strike the
lower outside part of the vacuum vessel (Fig. 1). 56Fe(p,n) 56Co(79d)
activity has been  observed in  the vaccum  vesgel and limiter
while 4%7i(p,n)4Bv(164) activity has been observed in the titanium evaporated
onto the PLYT vessel for gettering. 7The energetic proton activation is small
comparsd to the 2.5 MeV neutron activation since Coulomb drag oifckly reduces
the proton energy below actilvation thresholda.

Confinement of the 14.7 MeV protons in TFTR is only marginal so that many
protons will leave the plasma as on PLT. Some 14.7 MeV proton production will
occur from burnup of the 0.8 MeV *He ion produced by the d(d,n)aﬂe fusion
reaction. Again, this production rate should be small compared to the 2.5 MeV
neutron producticn. Majcr ICAF experiments are alss planned for TFTR which
will result in high 14.7 MeV proton emission. At present, these experiments

are planned to follow D=1 at experiments so that the added activation will be

©winor.



5+ PLT/PDX ACTIVATION DUE TO HARD X-RAY BREMSSTRAHLUNG

Energetic runaway electrons (10 » 20 MaV) have an outward drift orbit
displacement (~ 5 3 13 om) from the magnetic surfaces which are centered in
the vacuum vessel. Thus, energetic runaway electrons leave the plasma on the
horizontal midplane and cause most of their activation on the outside limiter
(Fig. 1,2) [4-6]. The limiter activation is due to photoreactions {Table III)
which have a lower energy threshold for higher mass limiters. The energy
distribution of runaway electrons in PLT drops about 102 between 10 MeV and
20 MeV [6) so that considerable activation is possible in tungsten limiters
where the photo-thresholds are low and little is observed in carbon limiters
whare the photo=-thresholds are high. Carbon has the additicnal advantage of
leaving short-live radio-isctopes.

In TFTR, larger runaway electron currenta are possible, and the runaways
will probably get tc higher energles since their confinement times are likely
to be ~ 4x longer. A reasonable consequence is that « 102 more activation
could occur on the TFTR TiC limiters due to runaway electrons than is observed
on PLT/PDX.

Photoactivation also occurs in the forward cone of hard x-rays leaving
the limiter. On PLT 65Cu(y,n)54Cu was observed in the toroidal field coils in
the forward radiation cone. 9uzr(y,n) sgz:(?Sh) and 962:(7,n) 952r(64d) were
observed on zirconium foils placed in the forward radiation cone. This may
impact the maintenance of zirconlum~aluminum getters which are expscted to be
used on TETR. Attempts to reduce the photonuclear limiter activation problem
on TFTR could logically center around controlling the runaway electron

popnlation and turning off plasmas with high riunaway electron lavels.
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6. PLT/PDX ACTIVATION DUE TO 2.5 MeV NEUTRONS

The 2.5 MeV neutron emission is uniform toroidally and slightly
asymmetric poloidally due to the outward Shafranov shift of the plasma [8]
Fig. 1. Measuremsnts of the activity were made at the vacuum vessel on the
horizontal midplane using a Ge(Li) detector (Table II). The efficlency of the
Ge(Li) detector was determined as a function of source positicn as well as
energy. The conversion of observed counts to activity (mR/hr) was obtained by
presuming isotropic irradiation of the Ge(Li) detector. The uncertainty in
this conversion might be 50%. In addition, the vacuum exhaust lines, water
cooling pipes, and the concrete shield walls were monitored with the Ge(Li)
detector. Measurements were taken either during or immediately following PLT
neutral beam runs, but no v activity was observed. Activation surveys were
performed with a calibrated Geiger counter and inaicated maximum total
activity levels at the vacuum vessel of ~ 1 » 2 mR/hr following the most
irtense PLT runs and 0.8 mR/hr following the most intense PDX runs. The
activity level fell off appreciably when the Geiger counter was moved radially
away from the wvessel (Fig. 3). These activity levels decayed appreciably
overnight (Fig. 4). The total activity levels per emitted neutron measured by
either the Geiger counter or the Ge(Ll) detector can be compared to the levels
predicted for PDX [9] at the vacuum vessel following 2.5 MeV neutron
irradiation (Table IV). Activation codes are one dimensional models of the
tokamak geometry and include neutron and -gamma transport through the
device--. The major uncertainties in these calculations are in modeling the
composition of the device and in modeling the tokamak geometry. The PDX
predictions for ths activity level per emittad neutron are reascnably

consistent with the measured levels. We consider the quantitative activity



levels to be one useful result of thig paper since the short term irradiation
history can be accurately specified as can the major machine components which
cause the short term activity. The accuracy of the neutron irradiation is
about 3D% [8].

The dominant longer-lived isotopes include SBCQ (7143, 56C0 (794},

60co(5.3y), >Mn(312d), 22pr(3sh), ana >lcr(28a) (Table 1Iv.)  The PDX

calculations predict a decay to considerably lower activity levels after one
week than was obgerved experimentally (Table V). This can probably be
explained by the uncertainties in quantifying the long-lived activity since
the actual PLT/PDX irradiation history is difficult to document for long
times. However, the code has not included materials (Br, W, Sb, Na) which
have led to observable activation. These materials are used in such things as
paints, diagnostics, and brazing alloys which can be easily overloocked when
modeling device composition. We consider this identification of the longer
lived isotopes to be another useful result of this paper since this points cut

possible problem materials.
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TABLE

I. PLT/PDX ACTIVATION RADIATION

PEAK LEVELS ACTIVATING
QEVICE EXPERIMENT REACT |ONS {PER_SHOT) RADIATION
. 53 13
PDX 8 M4 NBI d(d,n)"He 2 %10 2.5 MeV neutrons
OOH*
oLT 3 Mw NBI al) d(d,n)sHe a) 2 x 1013 a) 2.5 MeV neutrons
DOHT b) d(t,na b) =101 b) 14 MeV neutrons
PLT 1 M4 CRF dCHe,pla 5 % 10" 14.7 MeV protons -
3He minority
D majority
PLT/PDN  ohmic Runaway 2107 R 10+20 MeV X-rays
alectron
induced

bremsstrahlung
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TABLE |(. PLT/POX NEUTRON INDUCED RADIONUCLIDES
PLT POX
RADIO HALF  ACTIVITY ACTIVITY
NUCLADE LIFE  _(nCi) (nCi ) ACT(“ATION SOURCE
64y 3h d2xtod - 530utn, v cob s
56Mn 2.6h 36 —-—= 5sf'in(n,v) vessel
Sler 28 d 0.47 0.052 50cr(n, vessel
187, 24 b 0.43 - 8%in,y)  laser dump
58 : 31 tn;p)
Co Mnd 0.34 0.028 55 vessal
Coly,n)
5y 250 032 - SNitn,x)  vessal
82pr 35 4 0.25 0.001 ¥prtn,0  paint
54 54_.
Mn 312 d 0.985 0.002 faln,p) vesse|
1225, 3d 0.062 0.001  "lsitn,yd  brazing
alloy
gy 15 h 0.049 — Byatny) epexy
B 79 d 0.039 5Btetp,n)  vessel
60cq 5.3y  0.037 0.004 Fcota,yd  vesse!
59Fe 46 a —— 0.002 58Fe(n,-p vassel
PLT: May 22, 1980 -- Messurements made 2 hours after the run
with 3.5 x 10%4 neutrons emitted that day.
60 nCl of amnihilation radiation, 3 nCY of unidentitied
activity
PDX: November 5, 1985 ~—- Measurcmentr made about 1 week after

the last run. The previous run week had *10'% neutrons.

I
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TABLE 11!, PLT/PDX RUNAWAY ELECTRON INDUCED R,ADIONLCLIDES

ACTIVITY
LEVEL RADLO
DEVICE LIMITER {(mR/hr)* NUCLIDE

PLT W 40 181,
s

182

POX T 6 g
a7,

485

PLT steel 4 57Co

60r,,

San

51Cr
i

56Co

36y

LT c - --

HALF THRESHOLD
LIFE  ACTIVATION _ (MeV)
1304 " iy,m 8.1
e hyym 7.2
159 - yey,m 7.2
84d  Tiy,p) 10,5
.44 Brie,m 1.4
d4ah  Brige,p 1.3
270 ¢ BNity,p) 8.5
5.3y Sy, 1022
3004 oMaly,n)  10.5
28d  Zortym) 12,0
360 ONi(y,en) 12,2
776  Puity,em 196
6d ONity,2n) 22.5

*Measurements mede 2+3 weeks affer the last run.
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TABLE Iv: ACTIVITY LEVEL AT THE VACUUM VESSEL IN

mR/hr

(EMITTED 2.5 MeV NEUTRON

SOURCE OF
MEASUREMENT

Remmeter
Ge(Lli)
detected
gamma | ines

Remmeter

Fig. 53, 57;
Ref. 9

ACTIVITY LEVEL

ACTIVITY LEVEL

AFTER 10 MIN, AFTER 3 WK,
6.6 x 10717 -
1.1 x 10713 4,9 - 10718
2.3 x 10713 —
5.5 x 10717 4,5 x 10712

{1 s ev——iL

£1
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TABLE V. DOSE RATES EXTRAPOLATED TO ONE WEEK AFTER LAST SHOT

DOSE RATE (mrewm/hr)

ISOTOPE HALF LIFE PLT PDX CODE#*
MEASUREMENT REF. 9

55a 2,530 b - —
n 2,579 h — —
5404 12.70 b 107 8.96 (-5)
g, © 15.02 h 7.6 » 1078

B 2.9 1.4 x 1078
82y, 35.34 h 2.5 x 107
1224, 2.68 d 4.8 x 1078
3o 27.70 4 1.3 x 1070 3.52 (=-6)
5826 70.8 & 3.2 x 1074 5.72 (-9
36¢0. 78.8 d 1.1 % 1074
™ 312.04 7.2 x 107
6050 5.271 y 8.9 x 10~
torsl 7.7 x 1074 1.5 < 107

*The irradiation history is based on the actual PLT irradint?-u history.
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Fig. 1 a) Poloidal cross-section of the PLT tokamak, (b} poloidal
distribution of the PLT radiocactivity due to 2.5 MeV neutrons (x)
[8], 14.7 Mev protons (0) [3], and 10 Mev x-rays (s} [6].
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Pig. 2 a) Photograph of the PLT tungsten limiter indicating melted region
due to runaway electron impact, b) 24 hour exposure x-ray contact
print [Ref, 4].
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Fig. 4 Activity decay of the PLT vacuum vessel (e) and the PDX
vacuum vessel (Q) following the last plasma discharge.
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