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IntroducSon$

•  Determine$the$Sme$dependent$fusion$rate$profile$
•  Check$of$TRANSP$simulaSons$
•  Study$MHD$instabiliSes:$TAE,$NTM,$EPM,$IRE$
•  Study$effect$of$instabiliSes$on$fast$ion$
redistribuSon$and$loss$

•  Probed$ion$distribuSon$funcSon$weighted$toward$
high$energies,$complements$FIDA$and$ssNPA$

•  Expected$to$work$well$at$high$densiSes$
•  Cross$check$to$total$neutron$rate$measurements$
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$Principle$

dominated$by$neutral$beam$and$
plasma$ion$interacSons$

$
•  Proton/triton$is$not$confined$in$the$magneSc$field$of$NSTX/MAST$
•  Proton/triton$is$quickly$lost$
•  Trajectory$similar$to$a$view$chord$of$neutral$parScle$detecSon$system$
•  observed$parScle$rate$is$a$measure$of$the$integrated$emissivity$along$

the$trajectory$path$

Tp$=$3.02$MeV$
TT$=$1.01$MeV$

Detect$charged$parScles$from:$$

Advantage$at$NSTX$and$MAST:$
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Proton$measurements$have$been$carried$out$previously:$
• $W.W.Heidbrink,$J.D.Strachan,$Rev.$Sci.$Instrum,$56,$501$(1985)$
• J.D.$Strachan,$Rev.$Sci.$Instrum.,$57,$1771$(1986)$

d+ d ! p+3 H

d+ d ! n+3 He Tn$=$2.45$MeV$
T3He=$0.82$MeV$



ParScle$Types:$
•  Protons$$

–  Highest$energy$(3MeV,$p$=$75$MeV/c,$q$=$1)$
–  Easy$to$detector$with$surface$barrier$detectors$
–  100%$efficient$
–  Future:$diamond$detectors$(less$sensiSve$to$radiaSon$damage)$

•  Tritons:$
–  Same$orbit$as$protons$(1$MeV,$p$=$75$MeV/c,$q$=$1)$
–  More$sensiSve$to$electrical$noise$
–  Provide$more$staSsScs$

•  3He:$
–  Lowest$energy$(0.82$MeV,$p$=$67.9$MeV/c,$q$=$2)$
–  Different$orbits$than$tritons$and$protons$
–  Provide$addiSonal$orbit$data$
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Focus$on$protons$



Surface$Barrier$Detectors$
•  Commercially$available$Ortec/Canberra$
•  Bakeable$(up$to$200$C)$
•  Can$be$operated$in$UHV$
•  Have$been$used$previously$
•  Good$energy$resoluSon$(1%)$
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Detectors$used$:$CU2014205021002S$ULTRA$by$AMETEK/ORTEC$



Original$Prototype$
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•  Prototype:$2$detectors$$
•  Flexible$orientaSon$around$3$axes$
•  Study$signals$and$rates$
•  OpSmize$detector$arrangement$
and$locaSon$for$full$array$of$8$
detectors$

•  LocaSon:$Bay$K$
•  Mounted$on$moveable$probe$shaj$
•  IN2posiSon:$R=1.7m,$Z$=$0.286m$

Detector$at$R$=$1.7m$

detector-collimator unit

rotation axis
(toroidal direction)

rotation axis
(poloidal direction)

probe shaft adaptor

Could$not$be$tested$



MAST$Design$
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Array can be move radially

Trajectories intersect 
mid-plane approx. 
vertically
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Nucl. Fusion 52 (2012) 094015 M. Cecconello et al

Figure 1. MAST vessel equatorial mid-plane cut (in black) showing the geometry of the lines-of-sight (in red) and the corresponding field
of view (in green) of the neutron camera in relation to the plasma in-/out-board radii (in orange) sitting on the rail (in purple). Also shown
are the footprints of the NBI injectors (in pale green) in relation with the lines-of-sight and the impact parameters (in blue) for those two
lines-of-sight.

losses induced by AEs on spherical tokamaks are less marked
than in conventional tokamaks unless in case of very strong
bursts [14]. Another source of fast ion losses is due to non-
resonant MHD instabilities such as sawtooth crashes which are
characterized by large drops in the neutron rate [22–24].

In order to measure the neutron emissivity profile and its
temporal evolution εn(r, z, t) on MAST, a prototype neutron
emission profile monitor, also known as a neutron camera,
has been recently installed and commissioned [25] and it is
discussed briefly in the next section together with the plasma
scenarios in which it was used. In particular, the effect of
sawteeth, fishbones and long-lived modes on the measured
neutron rates by the neutron camera will be presented in
section 3. Summary and conclusions are reported in section 4.

2. Experiment and diagnostics

MAST is a mid-sized low aspect ratio fusion device with a
major radius of 0.85 m and a minor radius of 0.65 m capable
of high shaping with elongation between 1.6 and 2.5 and
triangularity up to 0.5. A typical discharge is approximately
0.5 s long, with a toroidal field on the axis between 0.3 and
0.6 T and with plasma currents up to 1.3 MA; the plasma
density ranges from 0.1 to 1.0 × 1020 m−3 and the electron
temperature can reach 2–3 keV. Additional heating is provided
in the form of two mid-plane JET-like PINI injectors capable of
delivering 2.5 MW each for up to 5 s of approximately 60 keV
deuterons. The deuterium neutral beams are co-injected with
a tangency radius of 0.7 m. MAST is equipped with a wide
set of diagnostics including two Thomson scattering systems
for the electron density and temperature profile measurements
[26], a set of Mirnov coils for the measurement of the
magnetic fluctuations up to 250 kHz (standard coils) and up
to 10 MHz (outboard Mirnov array high frequency acquisition,
OMAHA), a multi-chord motional Stark effect system [27] for
the measurement of the current profile, a high time resolution

neutron counter based on a 235U fission chamber [28], a multi-
chord soft x-ray (SXR) system and a fast ion D-alpha (FIDA)
diagnostic for the fast ion density measurement.

The prototype neutron camera is equipped with four
collimated lines-of-sight, two of which are on the equatorial
mid-plane while the other two are diagonal looking below the
equatorial plane. The two sets of lines-of-sight share the same
impact parameter p (tangency radius). Neutron collimation
is achieved via a thick polyethylene shield inside of which
four liquid scintillator detectors are installed and surrounded
by a double shield to reduce the effect of background gamma
rays and of the stray magnetic fields. The neutron camera
can measure the neutron emissivity profile with a typical
temporal resolution of 1 ms: higher temporal resolution can
be achieved at higher NBI injected powers. The overall
geometry of the system is shown in figure 1. A line-
integrated neutron emissivity profile as a function of the impact
parameter p, φ(p, t) =

∫
εn(r, z, t) dr dz, is obtained by

repeating a given plasma discharge as the camera is moved
to different locations on the rail in between pulses. The liquid
scintillators are sensitive to both gamma rays and neutrons
and to separate the former from the latter standard digital
pulse shape discrimination methods are applied in which
the ratio between the charge collected in two differently
long time windows is calculated and plotted against the total
collected charge for each recorded interaction [29]. Since the
neutrons give rise to a light pulse with a longer decay time
than the gamma rays, this separation is straightforward. An
example of such a separation is given in figure 2 for pulse
27586 (3.3 MW NBI input power) for the mid-plane detectors
with impact parameters 1.0 and 1.2 m. After separation, an
energy calibration based on 22Na gamma ray sources allows
the selection of neutrons with energies above a prefixed
value, typically 1.5 MeV, thus removing a significant part of
low-energy scattered neutrons as well as reducing the small
differences in efficiency between the detectors in the different

2

Approx. location of probe arm
Central Orbits



Acceptance:$Poloidal$
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Central orbits Integration region
(not weighted by 
acceptance)

~6 cmDetector array

Radial$PosiSons:$+/2$3cm$



Acceptance:$Toroidal$View$
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3He$Orbits$
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R$=$1.83$

$very$small$$3He$$rate$$
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R$=$1.65$

3He$rate$about$3$–$10$Smes$higher$than$proton/triton$rate$



/Users/lcramona/Desktop/plasma/MAST_presentaSon/real_images_PD/IMG_097.JPG$
$

Proton$Detector$(PD)$
42channel$system,$each$channel$having$a$unique$
angular$orientaSon.$

Detector$

PEEK$InsulaSon$

Washer$for$foil$

PEEK$InsulaSon$

Booom$plate$to$hold$in$detector$

BNC$connector$of$cable$
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PD$Assembly$

ReciprocaSng$Probe$

ParScles$

110$mm$

185$mm$

Detector$with$BN$shield$on$
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/Users/lcramona/Desktop/plasma/MAST_presentaSon/real_images_PD/IMG_097.JPG$
$

Cross2SecSonal$View$

SSB detector

BN heat shield

Collimator

Particle trajectories
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mulS2pin$probe$head$connector$
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$$

Data$AcquisiSon$

• $Custom$wrioen$sojware$in$LabVIEW$controls$how$the$digiSzer$collects$data$during$
shots$and$then$writes$the$data$files.$
• $Sending$the$signal$through$custom$connectors$considerably$contributes$to$noise$
levels.$FloaSng$coaxial$feed2throughs$should$be$used$to$transfer$the$signal$between$air$
and$vacuum$and$any$mechanical$probe$arm$flanges.$
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Electrical$Noise$
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7µs$

1.2$V$

Noise$level$.2$V$p2p$



Raw$Data:$Signals$
•  Data$was$conSnuously$

sampled$during$the$shot$
at$60MHz$with$a$high2
speed$digiSzer.$$

•  The$observed$count$
rates$and$pulses$showed$
a$clear$dependence$on$
the$neutral$beam$
power.$

•  The$voltage$signals$are$
proporSonal$to$the$
parScle’s$iniSal$energy$
deposited$into$the$
silicon$surface$barrier$
detector.$$$
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Raw$Data:$ParScle$Pulses$

•  $Average$peak$height$~0.6V$for$$3MeV$Proton$and$~0.2V$for$a$1MeV$Triton.$
The$average$peak$width$is$~100$2$500ns,$epending$on$shaping$parameters$$

•  $0.8$MeV$3He$ion$would$have$an$average$height$of$~0.15V$(or$less$due$to$
energy$loss$in$foil)$$

•  3He$could$be$idenSfied$so$far$

Triton$Proton$
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Peak$Fisng$

•  $A$peak$shape$funcSon$from$sampled$peaks$
within$each$data$channel.$

•  $Sampled$data$are$normalized$to$a$
maximum$value$of$1$

•  Normalized$data$are$fioed$determining$C1$
and$C2$fit.$•  Groups$of$peaks$fioed$with:$

Sample$Set$of$Normalized$Peak$Values$Used$to$Create$Peak$Fit$

Vo
lta

ge
$

Vo
lta

ge
$

Time$(s)$

Time$(s)$

V =
1

V0
e�c1(t+t0)(1 + tanh(c2(t+ t0)))

S(t, t0) = AVN (t, t0) + a0 + a1t+ a2t
2
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ParScle$Rates:$Beam$pulses$
•  Criteria$of$good$signals:$raSo$of$fioed$amplitude$$$$$$$$$$$

error$to$amplitude$value$
•  Cut$on$raSo$to$suppress$noise$
•  Histogram$amplitudes$for$given$Sme$bin$
•  Proton$and$triton$are$mono$energeSc$
•  Integrate$over$Sme$bin$

Triton$

Proton$

Histogram$of$Peak$Values/$Shot:$29958$channel:$3$

Voltage$Values$(V)$

Co
un

ts
$

Co
un

ts
$

Rate$plot$during$2$
brief$beam$pulses$

(k
Hz

)$

Background$
noise$
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Sawtooth$Scenario$

• $The$PD$sawtooth$crash$rate$plot$is$shown$in$the$above$lej$image.$In$the$above$right$
image,$the$mid2plane$radial$posiSon$before$and$ajer$each$crash$is$plooed.$$

Trajectory$Radial$PosiSons$on$the$Mid2plane$for$each$crash$

Time$(ms)$

Neutron$Rate$Plots$

Time$(seconds)$

Legend&
Red:&&&&Channel$1$
Green:&Channel$2$
Blue:$$$$Channel$3$
Yellow:$Channel$4$
Crashes$1$!$10$

1$ 10$Legend&
Crashes$1$!$10$
$

1$ 10$

(H
z)
$
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Results:$Sawtooth$Scenario$
ParScle$Rates$at$Each$Sawtooth$Crash/$Shot:$29879$

Detector$Channel$

ms$

ms$ms$ ms$

ms$ ms$ ms$

ms$ ms$ms$

Hz
$

Normalized$Rates$at$Each$Sawtooth$Crash/$Shot:$29879$

Detector$Channel$

ms$ ms$

ms$ms$

ms$

ms$

ms$

ms$

ms$ ms$

Hz
$

1$ 2$ 3$

6$5$

9$8$7$

4$

10$

1$ 2$ 3$

6$5$

9$8$7$

4$

10$

Before$crash$
Ajer$crash$

Before$crash$
Ajer$crash$

Normalized$to$Fission$Chamber$

•  Combining$repeat$shots$difficult$
•  Planned:$combined$analysis$PD$and$neutron$camera$$
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Results:$Emission$Profile$1$Before$

S$is$integrated$along$parScle$orbits$and$the$
integral$is$fioed$to$the$observed$rate$taking$the$
detector$acceptance$into$account.$

ParScle$Rates$at$Mid2Plane$for$Each$Channel$

Legend&
Red:&&Total$ParScle$Rates$
Blue:&Fit$Result$ParScle$Rates$

Hz
$

Radius$at$Mid2Plane$(m)$

Legend&
Red:&&&&Channel$1$
Green:&Channel$2$
Blue:$$$$Channel$3$
Yellow:$Channel$4$

Reconstructed$emission$profile$(parScle$yield)$model$funcSon:$ Emission$Profile$for$Each$Channel$Trajectory$

S(r, z, rel) = ↵ rel
�(1 +Acos✓)
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Results:$Emission$Profile$1$Ajer$

•  S$not$constant$on$the$flux$surfaces$
•  Profile$seems$to$get$wider$ajer$crash$$

•  Profile$has$a$strong$model$dependence$
because$there$are$only$4$channels.$

ParScle$Rates$at$Mid2Plane$for$Each$Channel$

Legend&
Red:&&Total$ParScle$Rates$
Blue:&Fit$Result$ParScle$Rates$

Hz
$

Radius$at$Mid2Plane$(m)$

Emission$Profile$for$Each$Channel$Trajectory$
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Results:$Emission$Profile$2$Before$

Reconstructed$emission$profile$model$funcSon$(Gaussian):$

Hz
$

ParScle$Rates$at$Mid2Plane$for$Each$Channel$

Legend&
Red:&&Total$ParScle$Rates$
Blue:&Fit$Result$ParScle$Rates$

$$$
$$$
$$$
$$$
$$$
Hz

$

Radius$at$Mid2Plane$(m)$

Emission$Profile$for$Each$Channel$Trajectory$

Legend&
Red:&&&&Channel$1$
Green:&Channel$2$
Blue:$$$$Channel$3$
Yellow:$Channel$4$

To&the&le::&ParScle$emission$
contours$plooed$against$
channel$trajectories$and$lines$
of$relaSve$magneSc$flux$

Sg(r, z) = Ae�
((r�r0)2+z2)

�2
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Results:$Emission$Profile$2$Ajer$

•  S$shijed$to$larger$R$
•  S$is$wider$

ParScle$Rates$at$Mid2Plane$for$Each$Channel$

Legend&
Red:&&Total$ParScle$Rates$
Blue:&Fit$Result$ParScle$Rates$

Hz
$

Radius$at$Mid2Plane$(m)$

Legend&
Red:&&&&Channel$1$
Green:&Channel$2$
Blue:$$$$Channel$3$
Yellow:$Channel$4$

Emission$Profile$for$Each$Channel$Trajectory$
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Fishbone$Scenario:$29920$

12/9/13$ NSTX2U$Physics$MeeSng$December$2013$

Fish Bone Scenario 29920 

PD Initial Results    09/13/13    Ramona V Perez 12 
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Fish Bone Scenario 29920 

PD Initial Results    09/13/13    Ramona V Perez 13 

•  Simple$pulse$height$
analysis$

•  No$fisng$
•  Total$rate:$protons$and$

tritons$
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Fish Bone Scenario 29920 
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Fish Bone Scenario 29920 

PD Initial Results    09/13/13    Ramona V Perez 13 

•  Good$parScle$
idenSficaSon$is$needed$
for$detailed$informaSon$

•  Noise$suppression$is$
important$



InstallaSon$in$NSTX2U$

•  New$high$Ip$and$BT:$very$different$orbits$$
•  New$detector$mount$is$needed$
•  Fully$instrumented$4$channels$
•  With$exisSng$(old)$hardware$number$of$
channels$can$be$increased$to$6$

•  Mount$on$probe$arm$that$allows$axial$rotaSon$
is$crucial$
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PotenSal$Orbits$in$NSTX2U$

IniSal$studies$on$three$main$configuraSons$
1.  BT$=$0.95T$IP$=$1$MA$
2.  BT$=$0.73T$IP$=$1.5MA$
3.  BT$=$1.0$T$IP$=$2.0MA$
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BT$=$0.95$T,$IP$=$1$MA$
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BT$=$0.74$T,$IP$=$1.5$MA$
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BT$=$0.74$T,$IP$=$1.5$MA$

12/9/13$ NSTX2U$Physics$MeeSng$December$2013$



Conceptual$Designs$for$NSTX2U$
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Linear$array$fits$in$100$mm$port$opening$



16$Channel$System$for$NSTX2U/MAST$
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•  2$units$of$8$channels$each$
•  2$fixed$units$
•  One$fixed,$one$on$probe$drive$(with$axial$

rotaSon)$
•  Various$collimator$arrays$possible,$can$be$$

opSmized$for$$
specific$experiments$

•  Parameters$similar$to$JET$neutron$camera$
(19$channels)$

•  Much$more$detailed$reconstrucSons$
possible$

•  Use$custom$array$detector$for$compact$
instrument$

Array 1

Array 2

(a) (b)

135445 805ms B scaled by 2



Profile$ReconstrucSon$
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(a) (b)

S( ) =  �(1.+Asin(�)),� = 11.45, A = 0.5

�

Sfit(R, z) = Ae
� 1

2

⇣
R�R0
�R

⌘2

e�
1
2 (

z�z0
�z

)
2

Simulation:

Fit function:

Central Orbits

•  Orbits$cross$central$plasma$
region$

•  Act$like$‘curved’$sight$chords$
in$X2ray$tomography$



Summary$
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•  Successful$data$taking$at$MAST,$data$comparable$to$
neutron$camera$

•  Noise$can$be$controlled$
•  Protons$can$be$well$idenSfied,$3He$difficult$with$window$
•  Good$Sme$resoluSon$of$1$ms$at$10%$
•  Sawteeth$oscillaSons$and$Fishbone$acSviSes$could$be$$

observed$and$studied$
•  Adaptable$to$NSTX2U$
•  More$channels$are$necessary$



Cross$SecSons$
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Nuclear Reaction Cross Sections Neutral Atoms Cross Sections

Cross section droppes 3 orders of 
magnitude

Cross section increases by factor 
of ~10

(pictures from J. Wesson, Tokamaks)



Noise$in$ParScle$Pulses$
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Noisy$Signals$(detail)$
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Backup:$DAQ$setup$
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Detectors Pre-Amplifier Amplifier
Canberra
2003BT

Canberra
2111

Ortec
CU-014-050-100

60MS/s NI PCI 
5105

8 channesup to 1MHz data rate

512 BM on-
board memory

NI Digitizer in Adnaco chassis

fiber optic cable

DAQ PC:

SuperMicro 50161-MTF 1U 
rackmount server

150GB data storage 

Raw Data : 
90MB/s per channel

HDF format:
46MB per channel per shot
TOTAL: 8 channels: 368 MB/shot

Assumption:
digitize data for 1s during shot

Files written to disk:


