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ABSTRACT The effect of the sawtooth instability on the 2.5 MeV 
neutron emission in the PLT, DIII-D, and TFTR tokamaks is studied. In 
thermonuclear plasmas, the instability typically results in a 20% reduction in 
emission. The time evolution of the thermonuclear neutron signal suggests 
that the sawtooth crash consists of four phases. First, the electron density 
profile flattens rapidly (in ~ 30/tsec on PLT) but, in sone cases, there is 
little associated change in neutron emission, suggesting that most reacting 
ions remain confined in the sawtooth region but do not completely mix. 
After the electron sawtooth, the ions continue to mix, resulting in a ~ 10% 
reduction in neutron emission in ~ 0.5 msec. The emission then decays 
more slowly during the final two phases. Ihermalization of reacting ions on 
a ~ 3TM time scale accounts for only ~ 20% of the slow drop. Most of the 
slow drop seems to be caused by loss of ion energy from the mixing region 
(an ion heat pulse). 
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I. INTRODUCTION 

An understanding of the effect of the sawtooth instability on ions is im
portant in studies of ion transport and in calculations of the performance 
of proposed ignition experiments.1 Sawtooth behavior in the 2.45 MeV 
neutron emission was observed previously on the Alcator-A,J TFR,3 and 
JET4 tokamaks and, more recently, in coliimated neutron measurements on 
JET.5 Sawteeth in the central ion temperature have been measured with X-
ray spectroscopy on TFTR9 and with charge-exchange recombination spec
troscopy on PBX.7 On PBX, time-resolved measurements showed that the 
ion temperature profile flattens at the sawtooth.7 Flattening of the density 
profiles of impurity ions at sawteeth was observed on A] cat or C.a 

In our work, the temporal resolution (2,10 kHz) of the neutron measure
ments was faster than the observed decay rates, permitting a more detailed 
study of the temporal behavior of ions at sawteeth than was possible in ear
lier studies. The paper ha* two main aims. One is to catalog the effect of 
sawteeth on the neutron source strength in tokamaks. Thermonuclear neu
tron data from the PLT, DIII-D, and TFTR tokamaks have been obtained 
with similar instrumentation under a wide range of operating conditions in 
plasmas with ohmic heating alone, hydrogen neutral beam injection into 
L-mode and H-mode plasmas, ICRH heating, and pellet injection. In a 
wide variety of plasmas, similar behavior is observed. Generally, a rapid 
initial drop in emission is observed followed by a slower decay. The initial 
drop in emission often takes longer than the electron temperature sawtooth. 
The time scale of the slower drop depends on machine size, varying approxi
mately as the minor radius squared (a1). The total drop in neutron emission 
A/,,//,, is usually larger than the reduction in central electron temperature 
AT./T.. 

The second major aim is to explain the neutron signal by considering 
possible ion behavior at the sawtooth. Four processes are identified. First, 
on the time scale of the electron sawtooth, the ion density must flatten 
with the electron density to preserve quasjneutrality; however, the neutron 
emission drops gradually as though hot deuterons respond more slowly than 
electrons. Second, after the electron sawtooth, the ion velocity-space distri
bution is blended in an "ion mixing" phase and the emission falls ~ 10%. 
Generally, the density crash and mixing phases are too short for significant 
classical energy loss by the reacting ions. In the third phase, the hot ions 
that produce the reactions begin to thermalize, but the time scale is suf-
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ficiently long that, in some plasmas, a Maxwellian distribution may never 
be established. Concurrently, in the fourth process, the plasma responds to 
the flattened density and "temperature" profiles. At the edge of the mixing 
region, a steep gradient exists and rapid transport occurs. Both thermal-
ization and diffusion result in a further ~ 10% reduction in emission on a 
10 msec time scale. In our analysis, the "transport" and "thennalization" 
phases terminate when the neutron emission ceases to drop as the plasma 
reheats and the density peaks. 

The paper is organized as follows. The temporal resolution of the de
tectors and the plasma conditions are discussed in Sec. II. Thermonuclear 
neutron data from PLT, DUI-D, and TFTR are presented in Sec. IE. Next, 
the expected behavior during the electron crash phase (Sec. IVA), mi-ring 
phase (Sec. IVB), thermalization phase (Sec. IVC), and transport phase 
(Sec. IVD) is compared with the data. We conclude (Sec. V) that 1) hot 
ions are not mixed uniformly throughout the sawtooth region during the 
electron crash phase but may be mixed an a longer time scale, 2) ther
malization probably does not play a dominant role in the observed temporal 
evolution, and 3) an ion heat pulse escapes from the center of the plasma. 
Finally, in two appendices, it is shown that neutron and 15 MeV proton 
data from beam-plasma reactions are consistent with our interpretation of 
the thermonuclear data. 

II. APPARATUS 

A. Neutron Diagnostics 

Fast neutron detectors*-10 that utilize uncollimated plastic scintillators 
mounted dose to the tokamak were the primary diagnostics for this study. 
Similar detectors were used oo all three machines. Neutrons strike a plastic 
scintillator producing recoil protons that cause the plastic to scintillate. The 
light travels by internal reflection down an acrylic rod to a shielded photo-
multiplier operated in current mode. The photomultiplier signal is digitized 
by a transient digitizer. Generally, three factors limit the temporal response 
of the detectors: counting statistics, amplifier/digitizer frequency response, 
and neutron scattering. The intrinsic response of the plastic scintillator is 
< 0.1 psec. However, at low levels of neutron emission, the signal-to-noise 
ratio is degraded by statistical fluctuations in the number of neutrons that 
collide with the scintillator, which results in poorer temporal resolution. 
Also, on TFTR, electrical noise placed a lower limit on the useful signal 
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level. When an adequate signal existed, the frequency response of the de
tectors was limited by the photomultiplier amplifier to ~ 20 kHz on PLT 
and TFTB and to ~ 100 kH2 on DI1I-D. The digitizer sampling rate was 
100 kHz on PLT and Dffl-D and 20 kHz on TFTR. 

The frequency response of the detectors wal nominally ~ 20 kHz but 
there is an additional factor that could degrade the resolution further: neu
tron scattering. If detected in appreciable numbers, neutrons that bounce 
around the tokamak hall could significantly degrade the frequency response. 
To minimise this effect, the detectors were placed close to the machine be
tween toroidal field coils. On TFTR, the scintillator was mounted directly 
behind a 1.3 cm thick stainless steel vacuum flange at the horizontal mid* 
plane. On DHI-D, the scintillator was mounted normal to a 2.5 cm thick 
stainless steel flange that is 85 cm above the horizontal midplane. Sim
ilar results to the ones reported here were obtained with the scintillator 
on the horizontal midplane. On PLT, the scintillator was mounted ~ 1 m 
away from the vacuum vessel near the midplane. Each of these installa
tions has a different geometry for neutron scattering. Detailed scattering 
calcuiationj have not been performed but it is thought that scattering does 
not significantly degrade the frequency response since neutron transients as 
rapid as I„/In = 0.8msec - 1 (which is -~ 4 times faster than the transients 
reported here) have been observed during high 0 instabilities.11'13 Also, 
when the plasma center moved 83 cm during compression on TFTR 1 3 and 
~ 20 cm during the fishbone instability on ?DX," the magnitude of the neu
tron emission changed as expected for a virgin (unscattered) source. These 
observations suggest that neutron scattering does not limit the frequency 
response of our measurements. 

On all three tolcsmaks, neutron measurements with the plastic scintil
lators were corroborated by slower measurements (~ 0.2 msec resolution) 
made with adjacent ZnS(*Li) scintillators.10 The measurements also were 
consistent with measurements made with BF 3 proportional counters (PLT 
and DIH-D) and fission detectors (TFTR). 

B. Tckamak Conditions 

The PLT sawtooth observations used in this study were made during a 
series of high-power 3He-minority ICRH runs in late 1984 and early 1985. 
Discharges in the database have the parameter ranges Jp = 500-600 kA, 
fl, = 31-33 kG, n. = 2-4 x 10 l 3 cm- 3 , and T«o = 2.0-3.2 keV. In addi-
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tion to neutron data, the database includes electron temperature and den
sity profiles from Thomson scattering, Z«// inferred from £ central-chord 
visible-bremsstrahlung measurement, and fractional changes in central elec
tron temperature and line-averaged electron density at the sawtooth from 
electron cyclotron emission and microwave interferometry. Additional ob
servations on PLT were made in Ha -• D+ neutral-beam-heated plasmas, 
in H-minority ICRH-heated deuterium plasmas, and in ohmically heated 
deuterium plasmas. 

The TFTR observations were made during the Spring 1985 run period 
and include sawteeth in full size (a =: 81 cm; RQ m 255 cm) plasmas with 
Ip = 0.8-2.2MA, Bt =4.0-4.8 T,tu= 2-6xl0 1 3 cm"*, and T«(0) = 1.8-
3.S IceV. Some of the plasmas were pellet fuelled and some were gas fuelled. 
About 70 sawteeth for which concurrent Thomson scattering data and soft 
X-ray (SXB.) measurements of the sawtooth inversion radius were available 
were selected for inclusion in a database. Subordinate relaxations1* were 
excluded from the study although they were observed to correlate with small 
(~ 2%) reductions in neutron emiirioo. In addition to neutron data, the 
database included Z.ff inferred from a central visible bremsstrahlung chord, 
the fractional change in central SXR emission A A/A and central electron 
temperature AT./T, (from ECE), the magnitude of and fractional change in 
line-averaged density A n, / n,, the shape of the electron temperature and 
density profiles (from Thomson scattering), and the central ion temperature 
inferred from Doppler broadening of the Ti K„ line. 

Data from DHI-D were obtained in 1987 during H° -> D+ beam in
jection over the parameter range I, = 0.7 - 1.8 MA, Bt = 1.0 - 2.1 T, 
n«= 3 - 12 x 10 1 3 cm - 3 , and A^IO MW. Most of the plasmas were diver-
tor discharges and many were H-mode1* plasmas. The reduction in central 
electron temperature at a sawtooth was measured using ECE. 

An assumption of our analysis is that the neutron emission is thermonu
clear. For ohmic, B° -» D+ beam, and 3He or H minority ICRH heating, the 
deuterium population is thought to be heated only through collisions with 
electrons, energetic protons, or energetic 3He ions, so the deuterium distribu
tion is expected to be nearly Maxweliian. Central ion temperatures inferred 
from charge-exchange spectra and Doppler broadening of impurity lines are 
generally consistent with the temperature inferred from the neutron flux 
assuming thermonuclear emission.16 The charge-exchange spectra17 appear 
Maxweliian out to energies of «. 10Td. Further confirmation of the ther
monuclear origin of the emission comes from collimated neutron spectral 
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measurements, which indicate no nonthermal broadening or shifting of the 
2.45 MeV neutron emission line during H° — D+ neutral beam injection on 
PLT,1 S 3He-minority ICRH heating on PLT,1 9 or ohmic heating on TFTR 2 0 

or PLT. 

III. DATA 

Typical neutron sawtooth behavior during 3He -min'^ity ICRH heating 
in PLT is shown in Fig. la. No significant change (< 1%) in neutron emission 
accompanies the large, sudden drop in electron temperature (typically 25% 
in 50psec) seen at the sawtooth crarh (Fig. 2). Subsequently, the neutron 
emission drops on s slower time scale (~ 10% reduction in ~ 0.5msec) 
and then declines an additional ~ 5% at • still slower rate to an absolute 
fniniTmiTT) in about 5 msec. This change in the rate of decay of the emission 
is seen more clearly by plotting the slope of the neutron signal (Fig. 3). The 
overall reduction in emission at this sawtooth was &In/In = 18%. After 
the minimum, the emission increases until the subsequent sawtooth occurs 
~ 15 msec later. The ion temperature was T* ~ 3 keV in this discharge. 

Neutron sawtooth behavior during ohmic heating in TFTR is illustrated 
in Fig. lb from a plasma fuelled by pellets at 1.8 and 2.1 sec (Td ~ 2.0 keV). 
The drop in neutron emission (AI„/In = 22%) is comparable to that ob
served in PLT but the signal takes approximately four times longer to reach 
its minimum. The initial rate of decay of the emission is comparable for the 
two devices, even though the electron temperature drop occurs more slowly 
(100/isec) in TFTR. than in PLT. In both machines, there appears to be 
a discontinuity in the rate of decay of the emission ~ 0.5 msec after the 
sawtooth. The sawtooth period in this TFTR plasma (not shown) is ~ 8 
times longer than in the PLT plasma. 

A neutron sawtooth during the H-mode in DEtl-D is shown in Fig. 4. The 
initial rate of decay of the neutron emission is similar to that observed on 
PLT and TFTR. The signal reaches its minimum value faster than a typical 
TFTR sawtooth but slower than a typical PLT sawtooth. The sawtooth 
period (~ 50 ms) is also intermediate between PLT and TFTR. The overall 
drop in emission was A/„//„ = 17% at this sawtooth in a plasma with 
Ta — 1.3 keV. Typical sawtooth behavior in the three devices is compiled in 
Table 1. 

Several features of the initial drop in emission are noteworthy. One 
striking feature of the data is that the initial rate of decay is comparable 
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on the three devices (Table 1). In contrast, the electron crash time, the 
overall neutron decay time, and the sawtooth period differ greatly between 
machines. A second feature is that, in some plasmas, little drop in neutron 
emission occurs on the time scale of the electron sawtooth. This is seen most 
dearly on PLT (Fig. 2), where the electron sawtooth is fastest, but is also 
observed at some sawteeth on DUI-D (Fig. 5). A third feature of the initial 
decay is its variability. The decay rate at nominally similar sawteeth in the 
same plasma varies by nearly a factor of two under some DIII-D and TFTR 
conditions. In light of this variability, it seems unlikely that the initial rate of 
decay depends on global discharge parameters in a simple manner. Indeed, 
little correlation with n,, T«, or Tj is observed. On PLT, the magnitude of 
the initial drop correlated with the fractional change ill electron temperature 
and with the sawtooth radius; this correlation was not observed in DUI-D, 
however. In summary, the initial decay of the emission is 1) comparable in 
different tokamaks, 2) sometimes slower than toe electron sawtooth, and 
3) variable in its dependence on global parameters. 

After the initial rapid decay, the emission falls gradually to a minimum. 
For PLT, the peak-to-trough sawtooth time tp_t scales with the magnitude 
of the sawtooth period (Fig. 6), which also scales with the magnitude of the 
neutron drop AIn/In, but this scaling was not observed on TFTR. No direct 
correlation with heating method or power, electron temperature or density, 
central ion temperature, toroidal magnetic field, or plasma current was ob
served in any device. A comparison of tp_t fee different devices (Fig. 7) 
indicates that the peak-to-trough time scales approximately with « « * ' ' " 
minor radius to the second power (a 1), suggesting a dependence on trans
port processes. A quantitative comparison of the PLT data with a transport 
model is given in Sec. D. 

For a given discharge condition, the drop in neutron emission from pealc-
to-troagh &/«//„ scales approximately linearly with the drop in electron 
temperature AT./T, in all three tokamaks. This is illustrated in Fig. 8 for 
ohmically heated TFTR plasmas. For these plasma* with Tj ~ 2.0 keV, 
A i n / / n ~ 1.6AT./T.. In ICRH-heated PLT plasmas a linear <;orrelation is 
also observed bul, in these hotter plasmas (Tj ~ 3.0 keV) the coefficient 
of proportionality is smaller (£/„//„ ~ 0.6ATe/Tt). In H°— C+ , DIII-D 
H-mode plasmas, the ion temperature is lower than in TFTR (T<j = 1.3 keV) 
and the scaling of AIn/In with AT./T, is stronger (AJ„//„ =; 2.lATJTt). 
Presumably, some of the variation in the coefficient of proportionality is due 
to the temperature dependence of the fusion reactivity. For <n;ct TJ, where 
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c ii a function of temperature (and assuming that the ion temperature saw
tooth is responsible for most of the drop in neutron emission), the expected 
reduction in neutron emission is roughly A / n / / n ~ c&Td/Td. This implies 
that &Td/Td a: 0.4AT./T. in DIII-D and TFTR but ATd/Tj n 0.2AT./T. 
in PLT. Thus, the temperature dependence of the reactivity accounts for 
some of the variation in scaling between devices but cannot fully explain the 
differences. One possibility is that the drop in neutron emission is smaller 
on PLT because the sawtooth period is shorter so that the plasma begins 
to reheat prior to termination of the transport phase. On PLT, the initial 
drop (SIn after ~ 0.5 msec) is a larger fraction of the total drop (~ 2/3) 
than on TFTR (^ 1/3) cr on DIII-D (= 1/4) (Table 1). 

IV. ANALYSIS 

The behavior of the thermonuclear neutron emission at a sawtooth sug
gests that several physical processes are responsible for the observed time 
evolution.. In this section, wc consider four phases in the evolution of the 
ion distribution function in an attempt to explain our results. The phases 
are illustrated in Fig. 9. In the first phase (Fig. 9a, Sec. A), the ion den
sity flattens to preserve quasineutrality when, the electron density collapses. 
At the end of this phase, the deuterium number density is uniform within 
the mi-ring radius but the velocity distribution is not. This phase results 
in little change in neutron emission. In the second phase (Fig. 9b, Sac. B), 
the velocity distribution becomes homogeneous and the emission falls. At 
the end of this phase, the velocity distribution is not Maxwellian but it is 
uniform in space. The last two phases run concurrently: the perturbed ion 
distribution relaxes to a Maxwellian distribution (Fig. 9c, Sec. C) and an ion 
heat pulse propagates away from the plasma center a* the steep gradient in 
the ton temperature near the miring radius diffuses (Fig- 9d, Sec. D). Both 
of these processes cause further reduction in the neutron rate. The neutron 
sawtooth ends when ion heating overcomes the energy loss from thermal 
conduction and the central deuterium density begins to peak on axis. When 
the pre-sawtooth conditions are reestablished, the cycle is repeated. In the 
following four subsections, the predicted effect of each of these processes is 
derived and compared with experiment. 
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A. Density Crash Phase 

The sawtooth instability has been observed to flatten (or slightly hollow) 
the electron density on TFR3 and sawtooth behavior in n, has been clearly 
observed on TEXT.*1 PLT Thomson-scattering and TFTR five-channel in
terferometer9 measurements are consistent with these observations. Since 
the plasma is constrained to remain quaaineutral, the electros density crash 
implies a concurrent ion density crash. Measurements on Alcator C 8 indi
cate that the impurity silicon density is Rattened at a sawtooth. While it is 
possible that the density sawtooth for deuterons cculd differ from that for 
impurity ions, observations with d(3He,p)cr proton detectors reported here 
in low Z,fj discharges give direct evidence of deuterium density Jlatten-
ing on the time scale of the electron density sawtooth crash (Appendix B). 
Previous experiments with d-3He proton detector* on PLT 2 2 and JET 2 3 and 
active charge-exchange24 on PLT suggest that energetic 3He ions and fast 
deuterons are also redistributed at a sawtooth. 

Conceivably, deuterons could gain energy during the crash phase, as was 
observed during disruptions on LT-3.1* This would result in an increase in 
neutron emission. Alternatively, if a. significant fraction of hot tail deuterons 
were redistributed over much of the plasma, the emission would be expected 
to drop. Experimentally on PLT, little change (< 1%) is observed in the 
neutron emission on the time scale of the election temperature sawtooth 
crash (Fig. 2). Typically, a ~ 4% drop in 7„ is observed on DUI-D and 
TFTR during the electron crash phase, but some of this drop may be as
sociated with the miring phase, since the electron sawtooth is slower than 
on PLT. The frequency response of the neutron system on PLT is suffi
cient to record fluctuations three to four times faster than those observed 
in Fig. 2, so it appears that the neutron rate is actually quite insensitive to 
the electron redistribution. Nevertheless, d(3Hejj)a proton measurement* 
show that the deuterium density profile it redistributed on the fast (30 *ts) 
time scale (Appendix B). As shown in the next subsection (Sec. B), if the 
ions were uniformly mixed at the electron sawtooth, a ~ 5% reduction in 
neutron iniisi"ft is expected. Conceivably, some liberated magnetic energy 
could heat the ion*, thereby masking the drop associated with ion mixing. 
This explanation seem* unlikely, however, since the neutron emission does 
drop to the expected level on a ~ 1 msec time scale and it seems unlikely 
that this liberated energy would be so rapidly lost. How then can the den
sity flatten without the ions mixing? One possibility is that the ion detuiiy 
flattening is accomplished locally through small (£0.2 cm) displacements of 
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bulk-plasma volume elements (Fig. 10); such a redistribution would have a 
small effect on the volume-integrated fusion emission. This is analogous to 
the way that a mound of viscous jelly would flatten under the influence of 
gravity; little real particle mixing would be involved. A second possibility 
is that the deuterons collapse like a mound of pebbles: in this scenario, the 
density after the crash is fairly uniform but fine-scale variations in temper
ature still exist. A third possibility is that the warm, fusion-producing ions 
do not mix as rapidly as the thermal ions. 

In summary, the relatively small drop in neutron emission on the time 
scale of the PLT sawtooth suggests that 1) little energy is lost or gained 
by the ions at the crash and 2) the velocity distribution function /(r, v) 
retains some dependence on r after the crash. In the next phase, the "mixing 
phase", this spatial structure is lost and the velocity distribution becomes 
uniform. 

B. Mixing Phase 

A drop in neutron emission is expected if the ion temperature and density 
are flattened at a sawtooth. In this subsection, we calculate the expected 
reduction in emission for a uniform redistribution within the mining radius 
using a heuristic analysis (Sec. 1). Next, the predicted drop is calculated 
numerically (Sec. 2) and compared with experiment (Sec. 3). 

1. Heuristic Analysis 

The d(d,n)3He neutron emission rate in a deuterium plasma is 

I* = l\i&™)4»W. (1) 

where nd is the deuterium density and ifro)^ is the d(d,n)3He fusion reac
tivity 

H 4 „ = j J / ifvO/jWcrodvjdvj. (2) 

Here vj and vj are the velocities of the reacting particles, v =\vi - v 2 |, 
and a is the d(d,n)*He fusion cross section. For a Maxwellian plasma of 
temperature Td, this equation can be rewritten in terms of the center-of-
mass velocity Vm and relative velocity v2*: 
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X ms"h(-^h-} 
Using the Gamow cross-section of form a{v) = (Cj/u2)exp(—Co/v),27 the 
integrand of the relative velocity integral has a sharp maximum for (Cov^) - 1 / : !i; 
1, with Co - 1.482 X 109 cm/sec. This corresponds to v/vtn = 3.63XJ , / 8, 
for Td in keV. The integrand of the center-of-mass velocity integral is much 
broader, giving a most probable value of Vcm/vo, at l / \ /5 and an average 
value at -/2/JT. Thus the ratio of relative to center-of-mass velocities of the 
deuterons involved in a typical fusion reaction is v/Vm ~ 4.3 for Xj = 3 
keV, which implies that the most probable reaction is one between ions in 
the tail of the distribution directed in nearly opposite directions. A typical 
reacting ion has energy 

which implies Eh =: 3Tj for ion temperatures near 3 keV. 
The effect on the neutron emission of deuterium mrriTig can now be 

treated with a simple heuristic model. In this model, the deuterium particle 
and velocity distributions are made uniform inside of a mixing radius r* at 
the sawtooth crash. In the mixing region, I„~k JJJ"*' n\r dr, where nh is the 
density of hot ions with Eh ~ ZT& that produce most of the fusion reactions, 
and k is a constant proportional to the d(d,n)3He fusion reactivity. Prior to 
the sawtooth crash, nh = nh + 6nh, where ft/, is the post-crash density and 
£" Snhrdr = 0 by particle conservation. After mixing, the emission in the 
sawtooth region is 

Ia,r<r.1=kf r?hTdr , (4) 
Jo 

while beforehand, the emission in the same region is 

Ar<r„ = kf (n h + Snh)7rdr 

= I^<rtt+kjT''{Snh)2rdr, 
invoking particle conservation and Eq. (4) above. The ratio of the neutron 
rates before and after the crash is: 

h hr<r..+lr>r.. . , k&"{Snh)3rdr 
T - 7 Z7 = l + 7 • t 5 ) 

*a •*a,r<r(| T *r>rtt *a 
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Equation (5) implies that, if particles are conserved and velocities unchanged, 
the neutron emission must fall through ion mixing since /(,//„ > 1 for all 
Srth ?4 0. In particular, since most of the fusion reactions occur in the 
sawtooth region, 

*a ia.r<T„ rH Jo \ ™F> / 
(6) 

The density profile of the hot deuterium is estimated assuming a tem
perature profile of the form Td(r) = Tdo[l - (r/a)s]'*T. A 1-d Maxwellian 
velocity distribution has 

* « - « * ( - £ ) . where K = ^ , (7) 

and Eh is the energy of the deuterons responsible for most of the fusion 
emission [Eq. (3)]. After miring, this distribution is flattened to a constant 
value nh, where, for particle conservation, 

•"*»** = 2B-A nh(r)rdr 

=>r* = 2 2 ( 1 - . - ) - (8) 

With this hot-ion density profile, Eq. (6) gives 

£-1 S \f"U-^±\\dr Ia r'^Jo \ 1-e— ) 
«(l-e-*») _ £ 
2 { l - e - " ) 2 ~ 12" 

Thus the final expression for the magnitude of the drop in neutron emission 
due to ion mixing is: 
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2. Numerical Analysis 

The exact prediction of the mixing model for the magnitude of the fast 
drop in neutron emission at the sawtooth is evaluated numerically by per
forming the full six-dimensional velocity space integral [Eq. (2)] for the 
reactivity, using the mixed deuterium distribution. The distribution func
tion is obtained by homogenizing the pre-crash spatial dependence of /(r, v) 
in the mining region: 

/.(») = / "Jr)fM[r,v)dV / [ iwMrfsV 

where n^ is the post-crash deuterium density in the muring region from Eq. 
C3. The resulting distribution function, and its deviation from Maxwellian, 
is shown in Fig. 11. The surplus at high and low velocities corresponds 
to excesses of hot and cold particle* near r = 0 and r = r*, respectively. 
A shortage of particles at the new thermal velocity from the same region* 
leads to the deficit observed at v/v^ = 1. 

The pott-mixing neutron emission from the sawtooth region is then 

I*T<rn = \**V^j j /-fa) /•<«*) "(") « * 1 d v 3 • («) 
where V is the plasma volume. Comparison with the pre-sawtooth neutron 
rate as determined from Eq. (1) (integrated in the sawtooth region with the 
Maxwellian reactivity) gives the drop resulting from ioc mixing. 

The decrease in neutron rate predicted by this model is typically between 
half and two-thirds of the upper limit derived in the heuristic analysis [Eq. 
(9)], between 2% and 15% of the total neutron rate for typical discharge 
conditions. 

3. Comparison with Experiment 

With a model of density flattening that includes simultaneous mixing, 
the drop predicted above would be expected to occm on the same time 
scale as the electron sawtooth, or ~ 30/isec on PLT (Sec. IVA). In this 
scervio, the detector signal would be limited by the frequency response of 
the photomultiplier amplifier, but would still be three to four times faster 
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than the observed rati (as evidenced by the fastest neutron fluctuations 
observed with this diagnostic system). Thus it is dear that the ion density 
flattening and velocity distribution mixing proceed at distinctly different 
rates. Empirically, it appears that a drop of roughly the predicted magnitude 
occurs on a longer, 0.5-1.0 msec time scale. Comparing the magnitude of 
the drop at the end of his phase with the predictions of the miring model, 
we find that the actua drop is comparable to that expected theoretically. 
For the sawtooth events shown in Fig. 1, discharge parameters have been 
entered in the calculation [Eqs. (10) and (11)] for comparison with the 
experimental data. The PLT case (n«o = 5.8 x 10 l 3/cm 3 , ZtiI = 3.0, 
density shaping parameter a» = 1.4, sawtooth inversion radius r 0 = 12 on, 
Ti0 = 3.2 keV, and ior temperature shaping parameter aT = 3.0) has an 
observed drop of 12.5?? in the neutron rate, while the code predicts 12.0%. 
The TFTR ease (n«o = 5.2 x lO^/em3, Zmff = 2.2, <*„ = 0.62, r 0 = 23 
an, To = 2.5 keV, and aT = 2.2) has an observed drop of 8.3%, with the 
code giving 4.4%. The PLT inversion radius is inferred from ECE channels 
separated by 6 cm in major radios and thus has an accuracy of no better 
than one cm in either direction. As the magnitude of the fast drop in neutron 
rate is roughly proportional to the fourth power of the inversion radius [Eq. 
(6), along with the relation r* ~ y/Zra, which is derived in Appendix C], 
the precision of this estimate of SI„/In in the mixing phase is only about 
±30%. The temperature profile exponent (aT = 3) which gives the observed 
drop is consistent with Doppler-broadening impurity-line measurements2* of 
the ion temperature profile during 3Ee-minority ICRH, but the calculation 
is somewhat sensitive to small variations in this parameter [<x a\ in the 
heuristic analysis, Eq. (9)]. Despite the large uncertainty, the results do 
show that Tniring of the deuterium distribution function gives a reduction 
in neutron emission of the order of that observed, and the data show that 
this reduction does not always occur concurrently with the drop in electron 
temperature, implying that the mixing process for ions is ~ 10 times slower 
than for electrons. 

It is possible that the mechanism responsible for ion ""•"•";; involves 
parallel ion motion abng the magnetic field subsequent to field-line re-
connection. On PLT, T c begins increasing again soon after the sawtooth 
crash, suggesting that closed magnetic surfaces are reestablished on roughly 
a 30/isec time scale, rypical ion velocities are sufficiently slow that it is 
difficult for the ions to mix uniformly this quickly. The observed duration of 
the Tni-ring phase on PLT (~ 500jtsec) corresponds to ~ 20 toroidal transits 
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of the ion fluid, or 50 transits of the fast fusion-producing deuterons. 
On the other hand, the duration of the mixing phase on TFTR is similar 

to the duration on PLT at roughly equal temperatures (Table 1), despite 
the fact that a transit around TFTR takes twice as long as on PLT. This 
suggests that another nechanism may be dominant. Perhaps the rate of 
decay of the emission i. governed by diffusion of a fine-scale structure that 
cast J immediately following the electron crash. Variations in this structure 
from sawtooth to sawtooth might account for the rather large variations in 
decay rate observed on TFTR and DHJ-D. 

In conclusion, the magnitude of the initial drop in neutron emission 
is consistent with mixing of the ions within ~ 0.5 msec. The time scale 
for mixing may be determined by the parallel ion velocity, but it could be 
governed by some other mechanism. 

C. Equilibration Phase 

After the density distribution is mixed, the ions theoretically approach 
a Maxwellian distributon in an ion-ion equipartiticn time ra3a: 

_ 4.9ms[TJ(keV)f/a 

— «.. ^ » , z ! , - i , ^ r ^ 
4 1 => Z' ci - + r^t// fc* oxygen impurity. 

However, the decay time of the neutron rate due to thermalization is not 
expected to coincide with r„ since the ioos that produce the fusion reac
tions are generally mote energetic than typical ions. To estimate the actual 
rate, consider the distribution function created by uniform redistribution 
of ions within the mixing region (Fig. 11). Describe this distribution by 
a Maxwellian bulk distribution fu and a perturbed distribution Sf. The 
neutron emission produced by this distribution consists of a steady rate 
7„o produced by the bulk Maxwellian (fM • fu) and a decaying portion SIn 

associated with reactions between the perturbed distribution and the bulk 
(Sf • ft,) and with itself (Sf • Sf). A numerical investigation shows that 
the dominant contribution to SI„ is from particles near the peak of the per
turbed distribution (v ~ 2.3ti^) and particles from the Maxwellian bulk 
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distribution with v ~ l.at/t/,- The reactions are between particles moving in 
nearly opposite directions, with a relative velocity of about 4u tv 

The fast portion of the perturbed distribution, with velocity ^,£,2,3^, 
thermalizes more slowly than T'1 because of the v3 dependence of the col
lision time. The hot ions lose energy at the slower rate T^ 1 , where 

TT.» = | v § " f a {«*fK) - ^-«f ' K ) | : («* = «K/VO,). (13) 

As Thi represents the decay time-constant for the fusion-producing portion 
of the perturbed distribution, it is a reasonable approximation to the expo
nential decay time expected for the neutrons [see Eos. (15) and (16)]. For 
a total decay SIn due to velocity-space relaxation, 

giving an expected decay time-constant of about 3r^. 

1. Numerical Analysis of Equilibration 

A more quantitative numerical evaluation of the time evolution of the 
equilibration phase bat also been performed to check the heuristic result of 
Eq. (14). In this study, the post-mixing distribution function /a(t>) calcu
lated from Eq. (10) is allowed to evolve in time through collisional slowing-
down and parallel diffusion, according to the Fokker-Planck equation. The 
full six-dimensional velicity-space integral [Eq. (11)] for the neutron rate is 
calculated at specified time steps to model the actual time evolution of the 
neutron signal, assuming that the density profile remains flat. 

The neutron rate die to the perturbed distribution function Sf interact
ing with a Maxwellian background is 

/ n = H V ^tfJvMVM**** A* (15) 
with the time derivative 

Here 6f = fa — fit, where the Maxwellian is taken with the post-crash values 
fid and fd derived in Sec. IVB, conserving particles and energy in the saw
tooth region. The evolution of the perturbed distribution function is given 
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by the Fokker-Planck collision operator. For an isotropic distribution en
countering a Maxwellian background plasma with equal deuterium, electron, 
and impurity temperatures Td = T€ = 7*„p, 

8Sf ^ mj i l } d IV 1 dSf\ 

•M,/5-)--'(,/?•)}] i»> 
where fr, is a characteristic collision time 

d / l A*et4?tn}\B.t&> 

and u again denotes v/v^d- The terms in the square bracket proportional to 
Sf and its derivative represent collisions] slowing-down and parallel diffusion 
of the perturbed distribution, respectively, and obviously sum to zero for a 
Maxwellian Sf. 

The time evolution of the distribution function is shown in Fig. 12(a). 
The distribution decays in about one ion-ion equipartition time (3.5 /is) for 
v < 1.5vth, but at higher velocities, (u£2.3tta), the decay time is consider
ably longer. The result is that the neutron rate /„ decays quite slowly; an 
approximately exponential decay with a characteristic time-constant of 10.2 
mi is found for the case shown, where n,(r) = 5 x 10 1 3(1 — r , / a , ) l ' , / a n 3 , 
Td{r) = 3(1 - r2/a')3'J keV, »v/a = 0.34, and 2 , / / = 2.5. This is about 
3 times TJJ, consistent with the heuristic value given by Eq. (14). In addi
tion, it is found that the expected drop for complete relaxation is only a few 
percent; typically between half and two-thirds of the expected drop from 
the miring phase. The numerical result for the In time evolution is shown 
in Fig. 12(b), where Eq. (15) has been integrated at each time step for 
the shot parameters alove. The small contribution to tin; u«nicr<ju emissiou 
from the region r > rM is unchanged during the disruption and has been 
omitted from the magritude of /„ shown in Fig. 12(b). The total drop seen 
in Fig. 12(b) is only 1.7%, compared with a drop in the miiring phase for 
these parameters of 2.5%. 

The time scale for velocity-space relaxation is thus comparable to the full 
sawtooth period (£20 ins) on PLT, and the small associated drop in neutron 
emission (relative to that during the mining phase) implies that thermaliza-
tion plays a minor role in the observed time evolution of the PLT neutron 
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sawtooth. La the time required for relaxation of the perturbed distribu
tion, the centrally peaked density and temperature profiles are recovered, 
and auxiliary heating begins to increase the neutron rate toward its pre-
sawtooth level. In TFTR ohmic discharges (Fig. 1(b)), TJJ is shorter than 
in high-power ICRH conditions on PLT and the sawtooth period is much 
longer, so the equilibra:ion phase is allowed to reach completion before the 
heating phase takes over. In the relatively cold, dense H-mode discharges an 
DUI-D (Fig. 4), 3TK is also shorter than the sawtooth period. In all cases, 
however, the predicted reduction in emiision associated with thermali/ation 
is relatively small and the predicted time scale of the reduction is relatively 
long, so it appears that other processes such as ion transport (Sec. D) play 
a more important role in the evolution of the emission. 

D, Transport Phase 

Both the magnitude and the time evolution of the neutron emission sug
gest that after the initial rapid drop, transport processes become important. 
After the ion density and temperature profiles have flattened, a relatively 
large gradient in plasma density aci temperature exists at the edge of the 
mixing region. The "shoulder" dittoes away on a time scale determined 
by the local radial ion thermal conductivity and the size and slope of the 
discontinuity in ion temperature. In this model, while the steep gradient 
exists, the neutron rati drops due to the loss of energy from the central re
gion of the plasma, where essentially all of the fusion product neutrons are 
born. In this section, we compute the expected rate of change of the emis
sion during this phase for comparison with FLT data (Sec. 1) and compare 
the magnitude of the drop with theoretical predictions (Sec. 2). 

1. Rate of Decay 

The d(d,n)3He reactivity given by the Gamow cross section has a time 
derivative 

1 d{av) _ f B _ 2 l 1 8Td 

(ffv) dt '{spy3 2\Tdat' 
with B — 19.87 for 1d in IteV,27 implying a neutron decay rate due to 
thermal conduction of 

- l 1 <tfn 1 f l i, t 1 dTd [ B 2l r 7- =-w^-—wjr^Td-w\^-i\dV- M 
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Here 6In is the total drop in neutron rate during the transport phase. There 
is also a reduction in emission associated with particle diffusion but, in this 
approximation, this term has been neglected. 

At the onset of the transport phase, the temperature gradient is negli
gible everywhere except at the discontinuity radius, r„. At this radius, the 
energy loss due to thermal conduction is 

4*zflor„ [ § n d ^ ] Ar = / r u X j ^ r - dX = ^Rcr^X,,^ ^ 

dTd _ 2Xd&Td 
^ d* 3r„ 8r 

The surface integral is over two toroidal shells of radii r K and r* + Ar. 
Assuming that the only contribution to the volume integral in Eq. (18) is 
from the discontinuous region, 

The term in square brackets is the change in the temperature profile across 
the discontinuity: 

Td dr c? ~ ~ 2a» ' 

for an ion temperature profile Td(r) = TJO(1 - i^/a3)"*" flattened inside r„ 
to the value Tj =: Tm(l - f3/a a ) a *, and invoking Eq. (C5) for r 0 . Thus the 
expected time constant for decay of the neutron emission during this phase 
is 

Tn * ^Gsrlx' \XdtXrJ (19) 

3 f i? 2 l ~ l 

where d = - •{ r z T 7 5 - - i ~ 0.4 for Tj =: 3 keV. 

The decay time is thvs characterized by the size of the sawtooth region 
(rjt), the steepness of the temperature gradient (a 7r^/2a 3), and the local 
ion thermal conductivity Xi at the sawtooth radius. 

The peak'to-trougt. time Tp-t of a sawtooth is dominated by this trans-
port time, since it is long compared to the duration of the mi-ring phase. 
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Equation (19) suggests that Tp_c should be expected to scale with the square 
of the minor radius of the device; a plot of observed values of Tp_e for a 
number of machines is ihown in Fig. 7. Assuming a typical ion temperature 
profile for these machires of Tj(r) = 2(1 - r ' /a 2 ) 3 IceV, and 6In/In = 0.1, 
the coefficient of the a 3 fit implies an ion thermal diffusivity Xj = 7.5 x 103 

cm3/sec, which is reassnable. Equation 19 represents an estimate of the 
peak-to-trough time which is actually an upper bound on the expected de
cay time, since it neglects the effects of particle diffusion. In addition, Tp_t 

carries a large experimental uncertainty, since the absolute minimum in 
the neutron emission may simply reflect the time at which the energy gain 
from auxiliary heating overcomes the energy loss due to thermal conduction, 
rather than the rod of the enhanced conduction phase. 

A slight manipulation of Eq. (19) yields: 

dIn/dt-2\srW 3 / Xta* W 

A plot of the right-hand side of this equation versus the observed neutron 
decay time-constant in the transport phase is shown in Fig. 13 for a series 
of ICRH discharges on PLT, using Chang-Hinton neoclassical conductivity 
including impurity effects.30 The temperature-profile shaping-parameter is 
inferred from the initial reduction in neutron emission, according to the 
prescriptions discussed below. The value of the neoclassical conductivity is 
uncertain to ±50% due to uncertainties in Zmf/ and St. Since the derivation 
of Eq. (20) neglects particle diffusion, the expected drop rate is actually ~ 
20% larger (assuming Di ~ 7Ca). In addition, as the equilibration phase runs 
concurrently and at a similar rate, the actual drop rate is further enhanced 
~ 20%. Thus, the data in Fig. 13 are consistent with theory, indicating that 
thermal conduction probably is the dominant process governing the decay 
of the neutron emission. 

2. Magnitude of Drop 

If it is assumed that no ion energy is lost from the mixing radius, the 
predicted reduction in neutron emission at a sawtooth is much smaller than 
observed. In this sectioj, we compute the expected drop in neutron emission 
for various ion tempera ure profiles and show that the observed drop implies 
loss of ion energy from the mixing region. Stringer4 has used a similar 
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mixing model to analyze JET data. With an implicit assumption of energy 
conservation, he too found that the drop in emission is larger than expected. 

We begin by adopting a simple model that we subsequently show is in
consistent with the data. Assume that the ion density and temperature 
profiles within the miiriiig radius are flattened and that energy and particles 
are conserved. Experimentally, two quantities related to the ion tempera
ture profile are measured: the neutron emission I„ and the drop in emission 
at the sawtooth AI„. Since the deuterium density profile is known fairly 
accurately from electron density and 2 . / / measurements and, in any event, 
the neutron emission is less sensitive to density than to temperature, these 
two neutron measurements would (if our assumptions were valid) allow us 
to infer two features of the ion temperature profile. We annumP that the 
functional form of the ion temperature profile is Tj(r) = 7^(1 - r2/a2)aT • 
Then the measurements of Ir_ sjd A/„, together with the density measure
ments and measurement of the mixing radius (inferred from ECE or soft 
X-ray measurements of the temperature invenioo radius), permit unique 
determination of the central ion temperature T& and of the peakedness of 
the temperature profile aT. Intuitively, for a fixed level of neutron emission, 
if the drop in emission at the sawtooth is large, then the ion temperature 
profile must peak strongly on axis. Alternatively, if the initial profile is flat, 
a sawtooth results in no reduction in emission {&Jn = 0). 

Quantitative implications c£ the model are obtained numerically (Ap
pendix C). In. Fig. 14a, we plot the central ion temperature inferred from 
the drop in neutron emission versus the central ion temperature deduced by 
a code that uses the neutron emission and the assumption, of a neoclassical 
ion diflusivity profile shape to infer Tag. The temperature inferred from the 
neutron drop is ~ 25% larger than the values calculated by the analysis code 
and also exceed the values measured using Doppler broadened impurity 1'n» 
radiation. For the neutron drop model, the mean temperature peaking pa
rameter for this data set is (aT) = 3.9, which is much higher than predicted 
neoclassically. Recently, the neoclassical Xi assumption has been shown to 
be violated on TFTR31 but not by an amount nearly this large. Even tak
ing into account possible errors and uncertainties in other determinations 
of the ion temperature, the ion temperature profile inferred by our model 
is unreaustically peaked. This implies that some ion energy is lost from the 
mixing region After the sawtooth. 

The time evolution of the neutron emission of TFTR changes after ~ 
1 msec (Fig. lb). At the time that the neutron emission changes slope, the 
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emission has only falla. ~ 1/3 of the eventual drop. If we postulate that in 
this initial period the density and temperature profiles flatten, the computed 
ion temperature is consistent with the Tt measured by Doppler broadening 
(Fig. 14b). Using the assumption that only the initial drop is due to profile 
flattening, the average profile shaping parameter is (aT) — 2.2. From the 
magnitude of the additional reduction in emission, the loss of energy from the 
mixing region is roughly AlVj/Wj ~ 3% for typical parameters. For PLT, 
using the full drop yields (QT> = 4.8, while the analysis gives <aT) = 2.5 if 
the initial neutron drop is used rather than the overall drop. 

In conclusion, both the magnitude and the duration of the drop in In 

suggest that energy is lost from the mixing region following the sawtooth. 

V. CONCLUSION 

At a sawtooth, the neutron emission typically falls — 10% in ~ 0.5 msec, 
indicating that the hot ions that produce thermonuclear reactions generally 
take longer to mix thar electrons. After the initial rapid drop, the emission 
falls an additions! ~ 10% in 5-20 msec. Equilibration of the hot ions only 
accounts for one-fifth of this gradual drop. The data during this phase are 
consistent with the hypothesis that an ion heat pulse propagates away from 
the mixing region as the steep gradient in 7i diffuses. 

Empirically, the drop in neutron emission AI„/I„ varies linearly with 
the drop in central electron temperature ATa/T.. Estimates of the effect of 
sawteeth on the thermonuclear emission can be obtained from the scaling 
ATj/Td = 0.4AT./T.. 
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Appendix A. Effect of Sawtooth on Beam-Plasma Neutron 
Emission 

To explain the time evolution of the thermonuclear neutron emission, 
we have postulated several phases of ion response to the sawtooth event 
(Sec. IV). As a check on the validity of our model, we consider the expected 
effect of these phases on the neutron emission during D° — D* neutral 
beam injection, when the fusion reactions are beam-plasma in nature. We 
find that the predictions are consistent with experimental observations. 

During D° —» D+ neutral beam, injection, the neutron emission is dom
inated by beam-plasma reactions. Previous work on PLT* found that the 
sawtooth instability causes a ~ 3% drop in neutron emission in ~ 5 msec. 
On TFTR (Fig. A.l), the magnitude of the drop is also only a few percent 
but the drop is — 4 times slower, varying between 10 and 45 msec. In PLT, 
the decay was accounted for by the increase in electron drag associated with 
flattening of the temperature profile." Flattening of the thermal deuterium 
density also may have played a role.0 Nominally, the difference in decay 
time between TFTR and PLT (and DITI-D) is consistent with the increased 
electron temperature and slowing-down time r. in TFTR. The decay time 
in TFTR does not appear to correlate with r„ however. 

As for thermonuclear neutron sawteeth, the magnitude of the drop in 
emission A / n / / n scales linearly with the amplitude of the electron tem
perature sawtooth AT./T. (Fig. A.2). The magnicude of the drop is five 
times smaller than in the ohmic case, however, scaling approximately as 
AIn/In s 0.3(A3i/T.). 

For beam-plasma reactions, the neutron emission is approximately 

In~ Jtuntievu, (Al) 

where ty, is the density of beam ions and <n>kd is the fusion reactivity for 
beam-plasma reactions. In steady-state, avu depends principally on the 
beam injection energy Ef, and only weakly on the bulk deuterium tempera
ture Xj. The dependence of the reactivity on ion temperature can be esti
mated by evaluating the reactivity of a. monoenergetic beam in a Maxwellian 
plasma, <rvw= f fd(v<i) dvdavQvt, - v^l). The result is 

'ciu* ov(Eb)[l + {V+ \)r, J ] , (A2) 
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where <rv(Et,) is the reactivity of the monoenergetic beam incident on a cold 
target and the cross section is assumed to vary approximately a s m s i ' 
at E = Ei,. At Eb = 80 keV, 7j ~ 2.2 so, for Td :; 2 keV, a 10% reduction in 
ion temperature only results in a S.2% reduction in fusion reactivity. 

If beam iocs do not gain or lose energy anomalously at a sawtooth, im
mediately following the sawtooth the fusion reactivity is virtually unchanged 
since the beam slowing-down time r, is long compared to the duration of the 
electron sawtooth. We assume that prior to the sawtooth the beam and deu
terium densities are n* V) = T»W(1 - r^/a2)"* and nd(r) = n<j)(l - r a /a 2 )°-
and that the beam and deuterium densities flatten at the electron sawtooth. 
Carrying out a derivation similar to that of Eq. (8), the expected reduction 
in beam-plasma emission associated with the flattening of the densities is 

Comparison with Eq. (8) indicates that the beam-plasma drop is smaller 
than the thermonuclear drop by a factor atOn/a^Zj/E/,)3 ~ 0.1. Thus, 
the expected reductioa in beam-plasma neutron emission in the crash and 
mixing phase is £l%. This is in good agreement with experiment, where 
essentially no change it observed on this time scale. 

Following the sawtooth crash, the beam distribution function changes in 
response to changes in Coulomb drag and the reactivity and beam density 
become functions of time. The time scale for this transitional period is 
governed by the slowing-down time r,. This time scale is several times 
longer than the equilibration time for hot thermal ions. Since r, depends 
on electron temperature, the flattening of Tm tends to reduce the neutron 
emissivity within the inversion radius and increase it outside the miring 
radius. The beam density is peaked on axis so a net reduction in emission 
is expected but the volume-averaged nature of the neutron measurement 
reduces the predicted reduction to only a fraction of AT e /T e . e Because of 
the wsak dependence of the reactivity an ion temperature [Eq. (A2)], the 
reduction in 2i associated with the transport phase is expected to have a 
very small effect on the neutron source strength. Experimentally, the drop 
in emission does take place an the time scale of f, but the drcp time does 
not correlate with variations in T>, perhaps indicating that changes in beam 
and ion density profiles occur on a similar time scale. The drop in emission 
is typically 30% of the -eduction in electron temperature, in good agreement 
with theory. 
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Appendix B. Effect of Sawtooth on 15 MeV Proton Emis 
sion 

During 3He -minority ICRH heating the 3He ions are heated to high 
energies and produce 15 MeV protons in beam-plasma reactions with, the 
thermal deuterium ions. Previous measurements33 of the volume-integrated 
proton rate made with a bottom-mounted, collimated larface-barrier de
tector on PLT showed little or no sawtooth activity, while a side-mounted 
proton probe did see reductions in d-3He proton emission correlated with 
drops in central soft x-ray and neutron emission at sawtooth crashes. The 
interpretation of the difference between the detector signals was that the de
tection efficiency for the side-mounted . ,.—; ^—uujly wo*, jm.agly peatt^ 
near the plasma center, while the bottom-mounted detector integrated over 
about half of the piaima minor radius, and therefore over the entire saw
tooth region.33 A proton detector on JET 3 3 with a detection efficiency that 
is peaked outside of the d(3He,p)a source region has also shown bursts in 
signal level at sawtooth crashes, suggesting that energetic ions are expelled 
from the central region by the sawtooth. 

New measurements of the IS MeV proton emission were made with a de
tector mounted in the bottom of the PLT vacuum vessel in a geometry simi
lar to that employed previously.23 Thtsos measurements give direct evidence 
for deuterium density flattening on the time scale of the electron temperature 
sawtooth. The experimental condition* for these recent measurements are 
PRF = 2.5 MW, *He minority concentration =: 5%, n,= 3.7 x 10 l s c m - 3 , 
and T. = 1.5 keV. Estimates bated on Stix's theory33 suggest that these 
conditions result in a perpendicular 3He tail temperature of ~ 130 keV. 
Weighting by the fast-rising fusion cross section, the average energy of the 
3He ions responsible for fusion emission is ~ 400 keV for these parameters. 
Theory33 and experiment33 indicate that the 3He ions are accelerated in 
perpendicular velocity until their orbits became trapped, and then further 
accelerated until the btnana tips migrate outward in major radius to the lo
cation of the resonance layer R^ (Fig. B.l). Particles on these orbits spend 
most of their time at the turning points, raining a so-called "resonance-
localization" of the minority, and implying that most of the d-3He fusion 
occurs at or near the resonance layer. Experimental measurements of the 
d-3He spatial distribution34 and aaisotropy35 are consistent with this pre
diction. As the 400 keV 3He-ion gyrodiameter is approximately 5.4 cm at 
resonance (Bt = 29.46 kG for a 30 MHz 3Ee-ion cyclotron resonance), the 
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d-3He proton source region is assumed to be the ~ 5 cm of major radius 
outside of Rr*,. Depending on the relative position of the ICRH resonance 
layer and sawtooth inversion radius, the emission is observed to decay slowly 
(Fig. B.2a), increase gradually (Fig. B.2b), or increase rapidly (Fig. B.3). 
In Fig. B.3, the relative jumps are 5% in 30 j*sec, 4% in 30£isec, and 4% in 
UO/xsec for the three evmts shown. These results are evidence for flattening 
of the deuterium density at a sawtooth. 

The effect of density flattening on the d-3He rate is determined in a man
ner similar to that discussed for the d-d rate in Sec. IVB. The deuterium 
density is multiplied by the reactivity-weighted 3He-ion density and inte
grated over the source region before and after a sawtooth. Prior to the saw
tooth, the electron temperature profile is assumed to be T c(r) = (1 — r'/a1)1 

and the electron, deuterium, and 3 He densities are taken to be parabolic, 
implying a reactivity-weighted 3He-ion density which is roughly parabolic to 
the second power in the source region, and small outside. The actual profile 
may be steeper, as axial focussing of the RF wave power by the antennae 
has been neglected. After the sawtooth crash, the deuterium density profile 
is assumed flattened oc the time scale of the electron sawtooth. Depending 
on the position of the resonance-layer with respect to the sawtooth inversion 
radius, the relative fractions of the source region in which the target density 
is increased and decreased (the hatched regions in Fig. B.l) are determined. 
Thus it is possible for ;he proton rate to decline, remain constant, or even 
increase at the crash, but the magnitude of this change is never more than a 
few percent (Fig. B.4). The change should occur on the time scale of the ion 
density flattening, or about 30 (is (not the slower mi-ring time responsible 
for the neutron sawtooth crash, since the deuterium is a cold target rela
tive to the energetic 3 He). This prediction is consistent with experimental 
observations (Fig. B.3}. 

The proton sawtooth behavior subsequent to the electron sawtooth is 
complex. The emission may change due to changes in the energy loss time rt, 
which alters the balance between RF acceleration and collisions! deceleration 
of the tail ions. As the electron density and temperature profiles are flattened 
at a sawtooth, r. decreases for r < r 0 , thereby decreasing the equilibrium 
energy of the 3 E e ions in this region. The opposite is true in the region ro < 
r < r jt , where both T, and the 3 He tail temperature increase. Depending on 
the relative portion of ;he source volume which falls into these two regions, 
the net proton emission could be expected to rise or fall. The bottom-
mounted PLT detector which integrates over the full extent of the sawtooth 
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and resonance layer, observer both behaviors at sawtooth eventn. The proton 
signal shown in Fig. B.2(b) increases about 10% at the neutron sawtooth, 
suggesting an average increase of about 6% in energy loss time r„ which is 
consistent with the assumed profile shapes given an inversion radius a few 
cm outside of the resonance layer at the plasma midplane. The toroidal field 
is again 32,6 kG for this discharge, but the sawtooth region is smaller than 
that for the discharge shown in Fig. B.3, which may explain the difference 
in time evolution. 

Appendix C. Ion Temperature Profile Inferred using a Sim
ple Mixing Model 

Assume that the ion temperature and density profiles are of functional 
form Td(r) = ^ ( 1 - r ,/a?)'" and ^(r) = n ^ l - r'/a1)"- respectively, 
that the profiles are flattened at a sawtooth, and that energy and particles 
are conserved. Then measurements of neutron emission /„ and reduction in 
emission A / n , together with measurements of the density profile and Tniying 
radius suffice to determine the central ion temperature T,& and profile shape 
c T . 

Assuming a Gamov farm far the fusion cross section,27 the neutron 
emission J„ is 

In = \ A J j&Tj1'3 expf-BTJ"1/3) tttf, (CI) 

where, for the d(d^)&He reaction, A = 2.93 x 10 _ M l ceV a / 3 and B = 
19.87keV1/'3. Substitution of the assumed radial profiles for Tj and nj yields 

'» = V r & A T ^ £ x(l - z*f exp [-Bl£>3 ( l - *) ~D] d*, 

where * = r/a, C = 2ctn - (2aT/3), and D = a T /3 . The integral is treated 
asymptotically using the Laplace method, expanding the integrand around 
x = 0, where the exponential has a maximum: 

27 



1/3 
Carrying out the integration to first order in the small parameter T^ /B, 
the result is obtained: 

(ss^y 1 + 2 ^ + r * °T 
where 5̂ > = ( l /2)n d 0 A:7' < i V 3 exp(-.B2i l / 3 ) is the central neutron rate per 
unit volume. Equation (C2) is particularly illuminating in that it shows the 
relative effects of the temperature and density profile shapes on the neutron 
rate. For a 3 IceV plasma the temperature shaping parameter aT in the 
denominator is multiplied by 4.25, so the central temperature inferred from 
the neutron emission is twice as sensitive to temperature-profile shape than 
to density-profile shape. Although the error in the asymptotic formula is in 
all cases less than 1.5% of the exact solution from numerical integration of 
Eq. (CI), we use the exact solution. 

A second relation, required to obtain a unique solution for the two-
parameter ion temperature profile, U afforded by the magnitude of the 
drop in neutron emission. By integrating Eq. (CI) numerically in the 
mixing regiai to determine the pre-crash neutron rate, and evaluating the 
post-miring neutron rate according to a prescribed model, the drop pre
dicted for AIn = h,r<f., - !»*•<*„ can be compared to the experimentally 
determined value. In matching the observed data, a unique solution for 
Td(r) = TJO(1 — r*/a a) a* is assured, sine? for any particular value of TJO, 
SIn increases with increasing a?, while /„ decreases. Thus the two curves 
describing the (aT,Tji) solution space for the observed neutron rate and its 
reduction at the sawtooth cross at a single point (Fig. C.l). 

The deuterium density profile flattens during the ""-ring phase to the 
constant value fid which conserves particles inside the mixing radius: 

*iiAd = y^ruMdV 

The post-crash "equivalent temperature" profile is also flattened (the mixed 
distribution is non-Ma:.wellian), to a value fj which conserves energy inside 
the mixing radius: 

irrjtfid?d = / " n<1(r)T,i(r)<f»r Jo 
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=>Td := - p - t -T= ^ . (C4) 
[ l - ( l -x i ) - + l ] (o„+a T + 1 ) 

Here z.t = Tat/a. The sawtooth radius r* is not an experimentally measured 
quantity; instead the sawtooth size is characterized by the so-called "inver
sion radius," ro, at which the response of the soft x-ray emission (corrected 
for line-averaging) and ECE emission to the sawtooth instability changes 
sign. Inside of ro, the electron and ion densities and temperatures drop, 
accompanied by a drop in x-ray and electron cyclotron emission. Between 
ro and rH, the densities and temperatures rise, and the x-ray and electron-
cyclotron emissions increase accordingly. The densities remain constant at 
the inversion radius, so that by definition rt<j = ng^l — r^/a3)°", A com
parison with Eq. (C3) gives, to first order in r 0 /o: 

=>r,e ~ v^ro. (C5) 

The relative error introduced by the last approximation is less than 1%, 
since typically ctn ~ 1 and r 0 < a/3. 

Assuming a Maxwellian distribution exists immediately after the miring 
phase, the neutron rate in the """"c region is 

Ia,<T.i = 5„V3*t, (C6) 

where Sn = (l/2)i»2ylT7a / 3 exp(-BTjl/3) is the constant source rate per 
unit volume throughout the region. 
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TABLE 1. Thermonuclear Neutron Sawtooth Behavior 
Electron Rapid Drop | Total Drop | Sawtooth 

lokamak a(cm) R[cm) Ciatli(m<) Ratc(nn)n Magnitude* Duration (ma)* Magnitude* Heiiod(rm) 
" " — 60% — 5 ^lS% — IB PUT 40 132 ~0.03 0.3-0.7 

DJJJ-D 67 167 ~O.I0 0 3-1.5 
TPTR 80 26S ~0.30 0.3-1.2 

,2054 - 7 - 3 2 % - 3 0 
-30% - 2 0 - 4 3 % - 1 3 0 

• &lnj(dlnfdl) during tapid drop in emission 
* Fraction of total dxop AJ n 



Figure Captions 

Fig. 1 Sawtooth in the neutron emission on (a) a PLT discharge with 
3.2 MW ICRH hratmg in a ^le-minority plasma with Bt = 33.2 kG, Ip = 
580 ItA, T,Q = 2.7 keV, n.= 3.6 x 10 I S cm"3, and Ztf/ = 3.0 (ICRH shutofF 
at 630 mi); and (b) a TFTR ohmic discharge with Bt = 47.1 kG, Ip = 2.2 
MA, Tta = 2.9 keV, ii,= 3.9 x 10 1 3 cm - 3 , and Zafj = 2.2. The initial 
drop rates and magnitudes are comparable, while the peak-to-trough time 
is approximately 4 times longer on TFTR, and the TFTR sawtooth period 
(~ 130 ms) is about 8 times longer. 

Fig. 2 Neutron sawtooth and concurrent electron temperature sawtooth 
for a 3.2 MW ICRH discharge on PLT with Bt = 33.2 kG, Ip = 580 kA, 
ft. = 3-6xl0 1 3/cm 3 , and a 3% %e minority. The average central electron 
temperature is TM = 2.6 IceV, while the average central ion temperature in
ferred from the neutron emission is TJJ = 3 2 keV. The election temperature 
drop time is about 30 .us, compared with an initial drop time of about 550 
Its for the neutrons. 

Fig. 3 Time derivative of the neutron rate shown in Fig. 1(a), rhowing 
a discontinuity between 450 and 050 ft* after the beginning of the sawtooth. 
The decay rate prior to this time (mixing phase) is ~ 5 ms, compared with 
~ 34 ms afterward (equilibration and transport phases). The points shown 
are the numerical derivative of a spline fit to a ten-point-average of the 100 
kHz data. The »np1t*W response is about an order of magnitude faster than 
the fast drop rate. 

Fig. 4 Neutron sawtooth during H° —> D+ beam injection in an H-
mode plasma in DHI-D. /„ = 1.25 MA; Bt = 2.1 T; n^= 8.0 x 10 l s cm"3; 
ft=i7MW. 

Fig. 5 Central soft x-ray and neutron signals during the sawtooth shown 
in Fig. 4. 

i'ig. 6 Peak-to-trough decay time versus sawtooth period for PLT plas
mas with various types of heating. The drop in neutron emission, A J n / / m 

also scales with the sawtooth period. 
Fig. 7 Peak-to-trough decay time rp_t vs. tnfhinp minor radius a on 

Alcatar A,J TFR,3 PLT, DIII-D, TFTR, and JET.4 The line is an a2 scaling, 
suggesting a dependence on radial transport. For A] cat or A, the measure
ment of Tp_, may have been affected by the instrumental resolution. The 
error bars for TFR, PLT, DIII-D, and TFTR indicate the range of values 
observed; for JET, the error bar indicates the variation in a single discharge. 
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In non-circular plasmai., the short axis is used. 
Fig. 8 Fractional drop in neutron emission versus fractional drop in 

electron temperature for ohmic TFTR discharges. The points are averages 
over many sawteeth. 

Fig. 9 Four phases of neutron sawtooth crash: (a) crash phase, in 
which the ion density profile flattens to preserve quasineutrality; (b) miring 
phase, in. which the ion distribution is homogenized in the sawtooth re
gion; (c) equilibration phase, in which a Maxwellian velocity distribution 
is reestablished; and (d) thermal transport phase, in which the "shoulder" 
on the ion temperature profile diffuse* away. 

Fig. 10 Local redistribution of deuterons without significant miring, 
implying little change h- fusion neutron emission. Each shaded region moves 
outward by one radial shell (to the corresponding shaded region) at the 
sawtooth. At the inversion radius (r = 10 cm in the diagram), an integrated 
density corresponding to the entire excess from the central portion of the 
pre-crash profile is displaced by one radial step. The minimum radial step 
size consistent with local density redistribution is thus given by the interval 
Ar for which a shell at the inversion radius contains a total number of ions 
equal to this ion excess. For a parabolic density profile and an inversion 
radius at a/4, Ar = a/240, or 0.17 cm on PLT. A flattening of the ion 
density occurring through radial displacements of this sue should show little 
(< 1%) change in neufcco emission. 

Fig. 11 (a) Post-mixing deuterium distribution function given by Eq. 
(10) for a plasma with nj = 3 x 10 1 3(1 - r'/a 2 ) 1 -' an"', Td = 3(1 - r ' / a 8 ) " 
keV, and tv/tt = 0.25, along with a Maxwellian with the same total en
ergy [the Maxwelliaa is given, by T~XI* exj^-tijTjo/!!*), where Tj is the 
flat-profile temperature given by Eq. (C4)J. (b) Difference distribution 
between the perturbed distribution and Maxwellian, with flat-profile density 
given by Eq. (C3). The integral under this curve is zero, as is required for 
particle conservation. 

Fig. 12 (a) Time evolution of the perturbed distribution function of 
Fig. 11, using the Fokker-Plandc collision operator. The distribution decays 
in about TK (3.5 ms) for values of u = v/vth < 1.5, but the hot fusion-
producing portion decays much more slowly, in. about 3f». (b) Correspond
ing time evolution of the neutron rate, as determined from Eq. (15). The 
calculated drop is approximately exponential, with a characteristic decay 
time of 10.2 ms and a relative magnitude of 1.7%. 

Fig. 13 RHS of Eq. (20) versus the observed neutron emission decay 
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time-constant —In/(dIT./dt) during the sawtooth transport phase for a series 
of ICRH discharges on PLT using Chang-Hinton neoclassical conductivity 
including impurity effects.30 The line indicates equality between calculated 
and experimental drop times. Equation (20) neglects the effects of particle 
diffusion and velocity-space equilibration. 

Fig. 14 (a) Central ion temperature inferred from the drop in neu
tron emission versus the central ion temperature calculated by the SNAP 3 0 

analysis code in ohmic TFTR discharges. The neutron drop temperature 
is only valid if energy and particles are conserved. The SNAP calculation 
assumes that the shape of the ion temperature profile is determined by neo
classical diffusivity multiplied by a "neoclassical multiplier.'' (b) Central 
ion temperature inferred assuming only 1/3 of the neutron drop is due to 
profile flattening versus SNAP temperature. 

Fig. A. 1 Sawtooth oscillations in the neutron emission during D0-* D+ 

neutral beam injection into TFTR from 2.5 to 3.0 seconds. Ip = 1.8 MA; 
Bt = 4.8 T; i^= 3.0 x 10 1 3 cm"3; T,(0) = 4.4 keV; AT./T. = 12%; A, = 
4.3 MW; Ei,~ 76 keV; co-injection. The magnitude of the total drop is only 
355. 

Fig. A.2 Fractions! change in neutron amission versus fractional change 
in central electron temperature during D° —» D+ neutral beam injection into 
TFTR. The points are averages over many sawteeth. 

Fig. B.l Guiding-center orbits of 200 keV ions tangent to the resonance-
layer for 30 MHz RF waves in a 32 kG PLT discharge. The shaded area is 
the source region for the majority of the dCHe.pja proton emission; the 
hatched region is interior to the sawtooth miring radius, and the doubly 
hatched region is interior to the sawtooth inversion radius. The relative 
sizes of the latter two regions determine the characteristics of the proton 
sawtooth observed. 

Fig. 6.2 15 MeV proton signal from d(3He,p)a fusion reactions (top 
trace), showing that t ie proton signal can either decrease (a) or increase 
(b) at a sawtooth. (a) Bt = 31.8 kG; J p = 530 kA; T*> = 2.3 keV; 
n,= 3.7 x 10 1 3 cm - 3 ; Pa = 2.6 MW; 3He concentration=3.6%; r* = 10 cm. 
(b) Bt = 32.6 kG; / , = 590 kA; T*, = 2.2 keV; n,= 3.5 x 10 1 3 cm"3; 
.Prf = 2.4 MW; 3He concentration=2.9%; r „ = 9 a n . 

Fig. B.3 Sawtooth oscillations in the d(3He,p)a proton emission for 
a 2.3 MW ICRH discharge on PLT with a 4%-of-n. ^ e minority. Shot 
parameters are ft = ?2.6 kG, Ip = 570 kA, n^= 3.7 x 10 1 3 c m - 3 average 
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Tco = 2.0 IceV, and neutron rate /„ = 1.4 x 10 l a/sec, implying an average 
Tjo of about 2.4 keV. Fast increases in proton emission are observed at each 
neutron sawtooth crash; the jumps are 5% in 30 fa, 4% in 30 (is, and 4% in 
50 fa for the three events shown. A detail of the second event is shown for 
clarity. 

Fig. B.4 Change in the proton emission expected at a sawtooth. The 
horizontal axis is the sawtooth inversion radius scaled by the plasma minor 
radius; the vertical axis is the minor radius of the resonance layer at the 
midplane, also scaled by the plasma minor radius. Calculations are for a 
source region 5 cm wide bounded by the resonance layer (Fig. B.l). The 
calculated change is never more than 5% for PLT conditions. 

Fig. C.l Lines of constant neutron emission In and drop in emission 
A/ n/7n in Tda and a T space for a PLT case. A unique solution for 7 * and 
aT is assured. 
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