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AbstrAct.
Material deposition was measured in the private flux region of JET by means of a Quartz Microbalance 
(QMB) for ~11900 seconds of successive plasma discharges with moderate additional heating (2-3 
MW). The QMB was located under the Load Bearing Septum Replacement Plate with a view towards 
the inner divertor. In total a ~270nm thick hydrogenated amorphous carbon layer was measured 
assuming a density of 1g/cm3 correlated with a fluence of 2.36 x1023 D+ ions into a toroidal section 
of 1 cm length of the inner divertor. The area of the QMB in the private-flux region was deposition 
dominated when the inner strike point position was on the vertical tiles, line-of-sight with the quartz 
crystal, and turned into erosion solely by moving the strike point from vertical tile 3 to horizontal 
tile 4. The most likely reason is a change of the C/D flux ratio of the particles impinging on QMB 
turning this area from a deposition to an erosion dominated region.

1. IntroductIon And motIvAtIon
The applicability of Carbon Fibre Composite (CFC) as the target plates of ITER depends strongly 
on the erosion and redeposition behaviour of graphite and co-deposition of tritium in subsequently 
formed amorphous hydrogen rich carbon (a-C:H) layers on plasma wetted and remote areas. 
Progress in understanding of the underlying physics of these processes has been recently achieved 
by Quartz-Microbalance diagnostics (QMBs) installed at different locations in the divertor of JET 
[1]. It allows for in situ and shot resolved measurements of material (carbon) deposition in remote 
areas of the divertor. An overview of QMB investigations during JET campaign 2005 - 2007 can 
be found in [2]. This contribution reports in particular on measurements from a QMB which was 
placed in the Private Flux Region (PFR) of the MKII-HD divertor. The QMB is located below the 
supporting wedge of the Load Bearing Septum Replacement Plate (LBSRP) with a direct view 
towards the lower vertical tile of the inner divertor. The position is analogue to the lower dome 
region facing the inner divertor of ITER.

2. ExpErImEntAl 
The QMB was positioned beneath the LBSRP (divertor tile 5) behind a diagnostic protection tile 
5a, between tile 5 and tile 4, as shown in figure 1. A gap like aperture in the protection tile provides 
an open view towards the inner divertor plasma. It is line of sight with the vertical tiles1 and 3 and 
partly with the horizontal tile 4. The QMB is recessed in a gap by 4.5cm from the front surface of the 
protection tile. Thus only neutral C-atoms -or macroscopic clusters with C content and deuterium 
atoms D can contribute to the erosion/deposition processes on the QMB. The crystal surface of this 
QMB is continuously exposed during JET operations. It measures the integral deposition during 
a plasma discharge including start up and ramp down phase. A frequency resolution of ± 3Hz is 
achieved under the JET conditions, corresponding to a thickness of approximately one monolayer 
for typical redeposited carbon layers with densities of about 1g/cm3 [3]. The sensitivity is 4.4 x 
1014 Cat/Hzcm2 and the sensitive area 0.95cm2 with a toroidal extension of ≈1cm. The measuring 



2

method and use of QMBs is explained in [4,5]. Since the frequency depends not only on mass but 
also on temperature, a second quartz crystal is placed inside the QMB housing and protected from 
plasma impact to separate mass from thermal effects. Thermal equilibrium of both crystals is a 
necessary condition for reliable measurements. 

3. rEsults And dIscussIon
The presented database derives from 607 successive discharges from the JET restart in 2005 (JPN 
64861 – 65697) with a total divertor plasma time of about 11900s. Throughout this period in most 
of the discharges the QMB crystals did not reach thermal equilibrium on a shot by shot basis due 
to the high plasma pulse repetition rate. Thus, only data measured in the morning before start of 
plasma operation were evaluated to ensure optimal thermalisation over night. Therefore the data 
deliver absolute values for layer erosion/deposition averaged over a group of successive plasma 
pulses, mostly on a daily basis. 17 pulse groups were evaluated and labelled with the number of 
the first pulse of the group. The frequency of the crystal, υ, which is directly proportional to the 
mass of both the crystal and a deposited layer on top, is plotted for each group of pulses in figure 
2 versus the JET Pulse Numbers.
 Increasing frequencies -as shown in the shot sequences marked II and IV - represent layer 
deposition whereas the frequency decrease in sequence III represents erosion. Neither deposition 
nor erosion was observed in sequence I since no deposited layer was left from previous operation 
to be eroded in sequence I. The erosion/deposition measured on the quartz is caused by complex 
physical and chemical processes on the target plates [6]. D ions and impurities (C, Be) from the 
main chamber plasma hit the carbon fibre CFC divertor tiles at the strike point releasing neutral 
deuterium and eroded carbon species. The eroded carbon is distributed onto adjacent tile surfaces 
and into remote areas and forms co-deposits with deuterium to form hydrogenated amorphous 
carbon layers. The source of the neutral D, responsible for erosion during layer formation, is as well 
localized at the strike point. Net layer formation is always a superposition of deposition proportional 
to incoming carbon fluxes and erosion due to deuterium fluxes. Since deposition and erosion are 
competing processes, the flux ratio C/D determines largely the net erosion or net deposition of the 
layer. It is these net processes which are measured by the QMB - crystal located in the PFR.
 Figure 3 shows the absolute number of C-atoms deposited on the QMB as a function of the D+ 
fluence impacting onto a toroidal section of 1 cm length of the inner divertor, the same toroidal 
extension as the QMB. The final value of 1.3 x 1018 Cat corresponds to a layer thickness of 270 nm, 
a density of 1g/cm3 assumed. The plot reflects again the deposition/erosion sequences as appeared in 
figure 2. The D+ ion fluence is measured by the Dα - light in the inner divertor [7] using geometrical 
factors and an D/XB of 20 which includes a correction of deuterium molecules [8]. The plot shows 
the turn over from deposition into erosion and back into deposition together with different erosion/
deposition yields YC/D+ of removed or deposited C - atoms per incident ion on the inner targets. 
This yield YC/D+ averaged over pulse groups is shown as a bar graph in figure 4. A broad scatter in 
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the yield is observed to a maximum value of +2.5 x 10-5 C/D+ for deposition in pulse group 64977 
to a maximum value of erosion of ~ -2.5 x 10-5 C/D+ in pulse group 65370. A yield of +2.5 x 10-5 
C/D+ means that about 40000 D+ ions are required to enter a toroidal section of 1cm length of the 
inner divertor to deposit 1 C - atom on the QMB. The negative yields are related to the sequence 
III in figure 3 and quantify the averaged erosion per D+ ion hitting the target of the inner divertor. 
The probability for a C - atom released at the strike point to contribute to the net layer formation 
on the QMB was estimated. The incoming D+ flux produces C - atoms with a yield of 2% at the 
strike point. 15% of the C - atoms are assumed to escape the local redeposition. These are typical 
numbers obtained from ERO modelling of standard inner divertor plasma conditions in JET [9]. 
Further, carbon particles are assumed to be released normal to the surface towards the QMB. A 
geometry factor of 5, the ratios of the area of C released on the target to the deposition area on 
the QMB is considered. Based on those assumptions for pulse group 64977, 6.2 x 1018 C - atoms 
escaped a 1cm2 area of the target and hit the QMB whereas 2.7 x 1017C - atoms were deposited. 
Thus the yield C released to C deposited is 4.3 x 10-2 i.e. 23 atoms have to be released from the 
target before 1 atom sticks and contribute net to the layer deposition. The effect of the change over 
from deposition to erosion and back to deposition as shown in figures 2 and 3 correlates with a 
change in the predominant strike point position from vertical tile 3 in sequences II to horizontal 
tile 4 in sequence III and back to vertical tile 3 in sequence IV.
 Nevertheless the strike point was no more than 90% of the time exclusively on one of the tiles 
integrated over a pulse group. Various strike point positions were overlaid including sweeping. 
Therefore the net erosion or net deposition of the layer is always a result of superposition of erosion 
and deposition processes throughout a pulse and in particular a pulse group. To understand the large 
scatter in the yields of figure 4, a detailed analysis of the distribution of the D+ ion flux from the 
main chamber plasma to the tiles of the inner divertor was carried out for all 17 pulse groups. Figure 
5 shows 3 typical distributions for the D+ ion fluence as a function of the S-coordinate, defined as a 
contour line along the surface of the divertor tiles. Figure 5a shows the distribution of pulse group 
65051 representing deposition dominated behaviour with 90.6% of the D+ flux on tile 3, 9.0 % on 
tile 4 and 0.4% on tile1. In contrast, figure 5b shows the erosion dominated case for pulse group 
65288 with a majority of 86.2 % of the D+ ion fluence on tile 4, 11.7 % on tile 3 and 2.1% on tile 
1. A more balanced situation is shown in figure 5c, pulse group 65261. 61.5 % of the D+ fluence 
impinges on tile 3, 36.7% on tile 4 and 1.8% on tile 1. The latter shows that the dominant process 
at the QMB is already erosion with less than 61.5% D+ fluence on tile 3. The total D+ ion fluence 
and its fraction to the horizontal tile 4 and vertical tiles 1 and 3 for all 17 groups and the resulting 
deposition/erosion is listed in table I. A comparison with the erosion/deposition yields in figure 4 
shows a clear correlation and the effect of superposition of different configurations explains the 
scatter of the yield YC/D+ in figure 4.
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4. ExtrApolAtIon of dEposItIon rAtEs In thE pfr to ItEr
The JET plasma configuration in the pulse groups with the highest percentage of the D+ fluence on 
tile 3 in sequence II are most similar to the ITER reference plasma configuration with the inner strike 
point on the vertical tile 3. Thus data of pulse group 65051 were used for a rough extrapolation of 
the amount of deposition that might be expected on the dome of ITER. The D+ ion fluence into the 
inner divertor of ITER is expected to be 2.5 x 1024 D+ /s, corresponding to a D+ fluence of 1 x 1027 
D+ for a 400 s pulse. This would lead to a release of 2 x 1025 C-atoms/pulse from the vertical target 
toward the dome in the private flux region. All of them will hit the dome due to narrow geometry 
of the deep inner divertor of ITER. Thus, with the measured deposition yield of 0.043, 8 x 1023 
C-atoms/pulse would contribute to net layer formation. Assuming a typical ratio of (D+T)/C = 0.4 
1.6 x 1023 T–atoms/pulse would be co - deposited in the layer corresponding to 0.8 g Tritium per 
ITER shot.

summAry And conclusIon
In situ measurements of erosion/deposition were done in the PFR region of JET using a Quartz 
microbalance (QMB) system. The most striking result is that the PFR in JET changes from 
deposition into erosion dominated area solely by moving the strike point position from vertical 
tile 3 to horizontal tile 4. Largest deposition was measured with the strike point position on tile 3. 
Under those conditions a maximum effective deposition yield (ratio of C deposited on QMB to D+ 
impinging at the target) of 2.5 x 10-5 was measured. The minimum value of -2.5x10-5, representing 
strongest erosion, was measured with the strike point on tile 4. The change from a net deposition to 
a net erosion area is explained by a change of the flux ratio D/C toward the PFR. When shifting the 
strike point from the vertical to the horizontal tile, the carbon flux impinging onto QMB decreases 
stronger in comparison with the atomic deuterium flux, responsible for erosion. The data confirm 
that the local geometry plays a key role for the formation of hydrogen (tritium) containing carbon 
layers [10]. Based on the presented measurement the PFR of ITER is expected to be a deposition 
dominated area since the ITER plasma reference scenario is similar to the measurements at JET 
with the strike point on tile 3 showing deposition. A rough calculation predicts about 0.8g Tritium 
to be codeposited on the dome area per ITER pulse.
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No pulse
 group

JG
08
.1
24
-6
c

64977
65051
65094
65131
65169
65261
65288
65370
65398
65422
65455
65488
65523
65552
65585
65616
65638

Total D+
fluence
(1021)

10.0
4.1
4.8
5.1
14.0
7.6
18.0
3.9
8.0
15.0
16.0
28.0
19.0
31.0
2.0
16.0
13.0

% D+
 tile 1

% D+
 tile 3

% D+
 tile 4

0.00
0.00
0.00
0.00
0.00
0.02
0.02
0.01
0.02
0.10
0.05
0.06
0.07
0.07
0.02
0.01
0.00

0.92
0.91
0.91
0.91
0.79
0.62
0.12
0.09
0.68
0.82
0.83
0.78
0.80
0.79
0.81
0.84
0.62

0.08
0.09
0.09
0.09
0.21
0.37
0.86
0.91
0.30
0.08
0.12
0.16
0.13
0.15
0.17
0.15
0.38

27.0
10.0
9.6
11.0
20.0
-1.8
-16.0
-10.0

6.4
11.0
16.0
1.7
14.0
5.7
6.3
12.0
13.0

Table 1: Total D+ fluence into toroidal section of 1cm of the inner divertor per pulse group and corresponding erosion/
deposition effect on the QMB layer

http://figures.jet.efda.org/JG08.124-6c.eps
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Figure 2: carbon layer formation on QMB in the PFR of 
JET; change over from deposition (II) to erosion (III) and 
back to deposition (IV).

Figure 4: yield YC/D+ of carbon atom deposited/eroded on 
the quartz depending on D+ fluence into a toroidal section 
of 1cm length of the inner divertor.

Figure 3: C-atoms on QMB crystal depending on D+ 

fluence into toroidal section of 1cm length of inner 
divertor.

1000

0

5000

JET pulse number

JG
08

.1
24

-2
c

65000 65200 65400 6560064800 65800

4000

3000

2000
Q

M
B 

cr
ys

ta
l f

re
qu

en
cy

 n
(H

z)

| || ||| |V

Yi
el

d 
Y 

C
/D

+: 
(D

 C
-a

to
m

s 
on

 Q
M

B 
/ D

+  f
lu

en
ce

) (
10

5 )

0

1

-1

-2

-3

2

3

JET pulse group number

64
97

7
65

05
1

65
09

4
65

13
1

65
16

9
65

26
1

65
28

8
65

37
0

65
39

8
65

42
2

65
45

5
65

48
8

65
52

3
65

55
2

65
58

5
65

61
6

65
63

8
JG

08
.1

24
-4

c

|| ||| |V

D+ fluence (1023)
0.5 1.0 1.5 2.00 2.5

8

10

12

14

6

4

2

0C
-a

to
m

s 
on

 Q
M

B 
cr

ys
ta

ls
 (1

02
3 )

JG
o8

-1
24

-3
c

Figure 1: location of QMB in private flux region of the 
MKII - HD divertor of JET.
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Figure 5:  Typical D+ fluence distribution for to the tiles 1, 3 and 4 in the inner divertor for 
(a) deposition, (b) erosion and (c) reduced erosion
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