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INTRODUCTION

In Current-Hole (CH) JET plasmas the toroidal current density falls to near-zero values over a significant

central region, typically 1/3 of the minor radius [1]. Such plasmas exhibit a transport barrier at the

border of the current hole. On JET these conditions are routinely achieved by the application of

Lower Hybrid Current Drive in the early breakdown phase, but it has also been demonstrated on JET

and other machines that current holes can be formed as a result of bootstrap current effects. Flat

profiles of high temperature within the current hole make the regime interesting for tokamak physics

in general and for quasi-steady state operation of ITER in particular. Current holes can be predicted to

have both beneficial and adverse effects. The presence of a transport barrier offers the prospect of

improved plasma energy confinement, but this has to be set against the poor confinement of fast ions

inside a current hole due to the very low poloidal field in the plasma core [1, 2]. This can significantly

affect a fast ion distribution due to a modification in the fast ion orbit topology. In a reactor, alpha

particles born within the current hole have orbits with larger radial excursion than would occur in the

current hole’s absence, leading to enhanced collisional losses and overall reduction in alpha heating

[3]. The distribution in both velocity and spatial coordinates of tritons injected by the neutral beam

injection (NBI) heating system is also significantly affected by the presence of a current hole. To

study these issues and to benchmark our simulation codes in the current hole regime, the injection of

tritium beam ions into CH plasmas was carried out on JET.

1. EXPERIMENTAL OBSERVATIONS

The effect of the CH on beam ions was demonstrated during Trace Tritium Experiments as a result

of measurements of the emission profiles of 14MeV neutrons from fusions of 105keV beam tritons

with background deuterons. Note that due to the extremely fast decrease of the DT fusion reactivity

συTD with decreasing triton energy, the neutron measurements provide information about confined

beam tritons only in a rather narrow range Eb-E<<Eb (here Eb = 105keV). On-axis and off-axis co-

injected beam tritons (see Fig.1) were used in these experiments. Figure 2 displays the neutron

emission profiles measured by neutron cameras over horizontal (1-10) and vertical (11-19) channels

in four JET shots with I/B=1.5MA/3.45T. The four cases include on-axis and off-axis beam injection

into Monotonic Current (MC) and CH plasmas. For on-axis beam tritons, the measured profiles

clearly demonstrate the CH induced outward shift of the maximum emission in Pulse No’s: 61488

when compared to MC plasma (Pulse No: 61493). For off-axis tritons (Pulse No’s: 61490 and

61492) the maximum neutron emission is shifted inwards with respect to the magnetic axis and is

only weakly sensitive to the CH. Qualitative differences in measured neutron emission profiles in

CH plasmas with on-axis and off-axis beam tritons become evident from the poloidal distribution

of neutron emission in Fig.3, which is a tomographic reconstruction of neutron cameras data.

2. CURRENT HOLE EFFECT ON BEAM PARTICLE ORBITS

For an understanding of the CH shift of the maximum neutron emission from on-axis beam tritons

the following observation is important: the maximum ion density corresponds to the major radius R
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in the mid-plane where beam tritons execute near-stagnation orbits with VZ (= -Vd+V||BZ/B)≈0 and

VR(=V||BR/B)≈0. As the pitch-angle cosine ξb (=V||/V) of co-injected tritons ionized at R = Rb is Rt/

Rb (see Fig.1(b)) and increases along the beam path from ~0.5 at Rb = 3.8m to 1 at Rb = Rt (Fig.4(a)),

the stagnation condition is always satisfied in the outer mid-plane at the point with BZ(R) = B⊥cr(R).

For 105keV tritons the critical poloidal field required for stagnation orbits is rather low, B⊥cr =

0.04(1+Rt
2/R 2 )/Rt ~ 0.04-0.05T. Therefore the stagnation orbits for beam tritons in MC JET plasmas

are realized very close to the magnetic axis (Rstg≈3m). However, in the CH case this stagnation

point can be shifted outward to Rstg»(3.15÷3.20)m as shown in Figs.4(a),4(b). Note that the

corresponding shift of the maximum neutron emission can be observed, as it is comparable to the

distance between the channels 16 and 15 of the vertical neutron camera (Fig.4(b)). The transformation

of the 105keV triton beam orbit shape with Rb in 1.5MA CH JET plasma (Pulse No: 61488) is

illustrated in Fig.5.

3. MODELLING RESULTS

To calculate the effect of the CH on the neutron emission profile, 3D Fokker-Planck modelling

of the distribution function of beam tritons fb(r,V) was performed assuming a source term

S(r,V)~δ(E-Eb)exp[(ξ- ξb)2/∆ξ2]exp[(Z - Zb)2 /abZ
2] with Eb = 105keV, ξb = Rt/R, ∆ξ = abhξb/Rt

and the transverse and vertical beam half-widths abh ≅ 6cm and abZ ≅ 11.5cm. Figure 6 displays the

contours of the distribution function of tritons co-injected on-axis into a I/B=1.5MA/3.45T CH JET

plasma in a phase-plane spanned by the normalized magnetic moment, λ , and the maximum radial

coordinate along the orbit, rmax, for energies 105keV, 85keV and 42keV. It is important to note that

triton distribution, originally strongly localised at both  λ ~0.7 and rmax/a~0.2 in the vicinity of the

stagnation orbit area (Fig.6(a)), remains localised in the radial coordinate (rmax/a~0.2-0.3) at least

for high energies (E>40keV) dominantly contributing to the neutron emission. Consequently, one

may expect maximum neutron emission from the outer midplane area of the plasma at flux surface

radii r/a~0.2-0.3. Note that in the case of off-axis injection the beam tritons are deposited, as shown

in Fig.7, in the phase space area distinctly apart from stagnation orbits. Nevertheless in this case,

beam tritons with E>40keV are also localised in a rather narrow radial range r/a~0.4-0.5.

Consequently, the neutron emission profile should be of hollow structure with a maximum at inner

mid-plane where co-circulating tritons spend more time. This is seen from the neutron emission

profiles in Fig.8 calculated via Fokker-Planck modelling of the beam triton distribution. Shown in

this figure are modelled distributions of 14MeV neutron emission in R-Z plane for the reference

Pulse No: 61488, 61490, 61492 and 61493. In agreement with measurements, the CH is seen to

shift the maximum emission outward in the case of on-axis beam tritons (Figs. 8(a), 8(d)) and, in

the case of off-axis injection (Figs.8(b), 8(c)) it results only in a marginal flattening of the hollow

profile of neutron emission. The hollow structure of the modelled profiles in the off-axis case

(Figs.8(b),8(c)) is not seen in the experimental tomographic reconstruction, Fig.3 (left), which may

be due to the simplified T-beam model used and/or due to experimental errors and uncertainties.

Fig.9 displays the line integrals of the modelled neutron emission along the lines-of-sight of horizontal
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and vertical channels of neutron cameras. The neutron emission profiles shown in this figure are

normalized to the blip duration in order to account for the time variation of the emission rate in

experiment. Note that modelling results of Fig.9 are in satisfactory agreement with measurements

presented in Fig.2.

SUMMARY

The effect of the current hole on the beam ion distribution has been clearly demonstrated during the

Trace Tritium Experiments at JET. A significant outward shift (comparable to the CH size) of the

maximum DT neutron yield position is observed for on-axis co-injected tritons when compared to the

maximum position in the absence of a CH. In the case of counter-injection the CH would result in a

corresponding inward shift of the neutron emission maximum. These shifts are caused by the CH-

induced relocation of the stagnation orbits of beam ions responsible for the maximum of fb(r,V).

Conversely, for off-axis co-injected tritons, an inward shift of the maximum DT neutron emission was

observed, again consistent with the expected orbital effects of beam tritons. However, due to the

relatively small CH size compared to the flux surface radius where most of the beam tritons are

deposited, the spatial profile of neutron emission is only weakly influenced by the current hole. Spatial

profiles of neutron emission induced by NBI tritons where calculated and shown to satisfactorily

agree with the measurements of 14 MeV neutrons using a multi-channel neutron camera.

ACKNOWLEDGEMENT

This work has been partially carried out within the Association EURATOM-OEAW and under

EFDA.

REFERENCES

[1]. N.C. Hawkes et al., Phys. Rev. Lett., 87, 115001 (2001)

[2]. T. Fujita et al., Phys. Rev. Lett., 87, 245001 (2001)

[3]. V.A. Yavorskij, et al., Nucl. Fusion 43, 1077 (2003)



4

Figure 1: NBI (red lines in section and plan view) and
neutron camera (blue lines in a) geometries in JET.

Figure 2: Measured neutron emission yield versus channel
number

Figure 3: Poloidal distribution of neutron emission in CH plasmas with off- (left) and on-axis (right) beam tritons

(b)�

B�
Vb

R�

Rt

Last FS
Off-axis
On-axis

(Rt, Zt)

(a)�

1�

11�

10�

19�

CH�

-1.5

-1.0

-0.5

0

0.5

1.0

1.5

2.0

2.0 2.5 3.0 3.5 4.0 0 1 2 3 4

Z
 (m

)

Y
 (m

)

R (m) X (m)
JG

04
.3

58
-1

c

-3

-2

-4

-1

0

1

2

3

4

cos-1ξ

0

2x1012

2x1012

2x1012

2x1012

2x1012

2x1012

2x1012

0 5 10 15 20

N
eu

tr
on

 Y
ie

ld
Channel Number

N3TT/BTFC (Bicron), 3.2s�
Pulse No: 61488, On-Axis, CH�
Pulse No: 61490, Off-Axis, CH�
Pulse No: 61492, Off-Axis, MC�
Pulse No: 61493, On-Axis, MC

JG
04

.3
58

-2
c

-1.0

0

1.0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

2.0

2.0 2.5 3.0 3.5

Z
 (m

)

R (m)

x1015m-3s-1

-1.0

0

1.0

0.0

0.5

1.0

1.5

2.0

2.5

3.0

2.0

2.0 2.5 3.0 3.5

Z
 (m

)

R (m)

x1015m-3s-1

JG
04

.3
58

-3
c

http://figures.jet.efda.org/JG04.358-1c.eps
http://figures.jet.efda.org/JG04.358-2c.eps
http://figures.jet.efda.org/JG04.358-3c.eps


5

Figure 5: Transformation of 105keV triton beam shape
with Rb in a CH JET plasma

Figure 4: Mid-plane pitch-angle cosine (figure a) and BZ (figure b) required for stagnation orbits
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Figure 6: Distribution function of on-axis co-injected tritons in CH JET plasma in λ, rmax coordinates
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Figure 7: Distribution function of off-axis co-injected tritons in CH JET plasma in λ, rmax coordinates

Figure 8: Calculated poloidal distributions of neutron emission in I/B=1.5MA/3.45T JET
plasmas for on-axis (figures a, d) and off-axis (figures b, c) triton injection

Figure 9: Modeled neutron emission profiles for reference shots of Fig.2.

  

 

 

  

  

-1.0

-0.5

0

0.5

1.0

1.5

2.0

2.0 2.5 3.0 3.5 4.0

Z
 (m

)

N
eu

tr
on

 E
m

is
si

on
/M

ax
 E

m
is

si
on

R (m)

(a)
Pulse No: 61488, CH

2.0 2.5 3.0 3.5 4.0
R (m)

(b)
Pulse No: 61490, CH

r = 0r = 0r = 0r = 0

Outmost FS Outmost FS Outmost FS Outmost FS
2.0 2.5 3.0 3.5 4.0

R (m)

(c)
Pulse No: 61492, MC

2.0 2.5 3.0 3.5 4.0
0

0.2

0.4

0.6

0.8

1.0

R (m)

(d)
Pulse No: 61493, MC

JG
04

.3
85

-8
c

0

0.2

0.4

0.6

0.8

1.0

0 5 10 15 20

N
eu

tr
on

 Y
ie

ld
, a

u

Channel Number

Pulse No: 61488, On-Axis, CH�
Pulse No: 61490, Off-Axis, CH�
Pulse No: 61492, Off-Axis, MC�
Pulse No: 61493, On-Axis, MC

JG
04

.3
58

-9
c

http://figures.jet.efda.org/JG04.358-7c.eps
http://figures.jet.efda.org/JG04.358-8c.eps
http://figures.jet.efda.org/JG04.358-9c.eps


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (Japan Web Coated \050Ad\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 350
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


