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In this paper we discuss results from the study of the energy balance in JET based on calculated heating 

energies, radiated energy from bolometry and tile calorimetry. Recent data enables us to be more con- 

fident in the numbers used and to exclude certain possibilities but the overall energy imbalance which 

typically amounts to 25% of total input remains unexplained. This shows that caution is required in in- 

terpreting fractional radiated powers which are commonly used to measure the effectiveness of impurity 

seeded scenarios at reducing divertor heat load. 
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. Introduction 

The total energy input into a tokamak during the pulse must

qual that lost to the plasma facing components (PFCs). Quanti-

ying this balance is essential for knowing what radiated power

raction you have and what the PFC power/energy loadings really

re. The large area of the main chamber makes it particularly chal-

enging. For reactor scale devices such as ITER or DEMO, even a

mall fraction of the combined external plus alpha particle heat-

ng power could cause serious damage if not distributed over a

arge enough area of the first wall. The plasma heating systems

sed in the current generation are complex and so there is a also

otential for error in evaluating the input power. Such uncertain-

ies could have implications for many different aspects of tokamak

hysics from our interpretation of fractional radiated powers to

lasma transport analysis and calculation of fusion neutron pro-

uction rates. 

The energy losses to the PFCs can be difficult to determine

ccurately. Although infra-red diagnostics work well when study-

ng the hottest areas of the vessel, there are many complications
∗ Corresponding author at: CCFE, Culham Science Centre, Abingdon, OX14 3DB, 

K. 

E-mail address: guy.matthews@ukaea.uk (G.F. Matthews). 
1 Appendix of F. Romanelli et al., Proc. of the 25th IAEA FEC 2014, Saint Peters- 

urg, Russia. 
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uch as reflections, uncertain surface emissivity and non-thermal

R emission from the plasma which put accurate power accounting

at the level we require) beyond reach in current devices such as

ET. The alternative approach, which we discuss here, is the use of

hermocouple (TC) based tile calorimetry and bolometers. The di-

ertor and main chamber tiles used in JET’s ITER-like Wall [1] are

nertially cooled and due to the engineering need to allow unhin-

ered thermal expansion, the thermal contact with support struc-

ures is generally poor. This means long cooling times compared

o the time it takes a tile to reach internal thermal equilibrium. As

 result, JET tiles make good calorimeters [2,3] . Recent effort s to

alidate the simple methods used in analysis of the thermocouples

gainst the finite element thermal calculations using ABAQUS have

evealed that the temperature dependence of the heat capacity of

arbon fibre composite (CFC) has a significant effect on the results

nd was not correctly implemented previously [2] . This benchmark

s described in Section 2 along with the currently estimated inher-

nt uncertainties due to approximations required for the analysis

f real data. Given that JET has very few tiles instrumented with

hermocouples in recessed areas of the main wall, the energy ar-

iving on the divertor and limiter tiles cannot fully account for the

osses alone. To plug this gap we also need the radiated energy

easured by bolometers so we can calculate how much energy

alls on the areas between limiters. The energy source terms are

omprised of the inputs from the heating systems including the
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Fig. 1. Divertor thermocouple locations and configuration for pulse 85,292. 

Fig. 2. Tile 6 thermocouple data and equivalent ABAQUS simulations. 
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ohmic heating due to the plasma current, see Eq. (1) : 

hm 

+ E NBI + E ICH = ( E Pdiv + E Rdiv ) + ( E Plim 

+ E Rlim 

) 

+ ( E Pwall + E Rwall ) (1)

where E Ohm 

, E nbi and E ich are the Ohmic heating, absorbed neutral

beam injection power (NBI) and ion cyclotron heating (ICH) energy

inputs respectively. The other side of the equation is comprised of

the energy losses to the divertor, limiters and remote areas of the

wall where subscript ‘P’ refers to plasma related load and ‘R’ the

electromagnetic radiation and neutral losses. In terms of what we

actually measure this can be rewritten as: 

E Ohm 

+ E NBI + E ICH = E TCdiv + E TClim 

+ ( E R − f B E RB − f X E RX ) (2)

Where E TCdiv and E TClim 

are the divertor and wall total energies

from thermocouples, E R = E RX + E RB is the total radiated power from

JET’s bolometers. The last two terms allow for the fractions (f B , f X )

of the bulk plasma (main chamber) and X-point/divertor radiated

energies (E RB , E RX ) falling on the divertor and limiter tiles which

are already accounted for by the divertor and limiter tile calorime-

try. If this correction is not made there would double counting of

this component of the radiation. An analysis which compares to-

mographic inversions with the standard JET intershot analysis of

bulk and divertor radiation shows that f B ∼0.11, f X ∼0.27 (after

correction for the fact that we are not using Tile 5 thermocouple

data). These values are used as the default in Section 3 . The bulk

radiation and X-point radiation are calculated in the standard JET

inter-shot analysis and reflect the up/down symmetric and asym-

metric components of the radiation. The numbers simply mean

that radiation from close to the divertor will make a bigger con-

tribution to the divertor thermocouple energy than radiation from

core which is further away. In reality, factors f B and f X are not con-

stants but vary according to the precise spatial distribution of the

radiation in the core and divertor. However, it is not practical to

perform tomographic inversions for every timeslice in a pulse to

get a more precise estimation and it is clear from simple geomet-

ric arguments, and the few test cases we have analysed fully, that

the error due to our assumption of fixed factors is small. 

In deriving (2) we have also assumed that negligible plasma re-

lated energy is deposited on recessed areas of the wall (E Pwall =0).

Although there is evidence for strong radial plasma transport in

the far SOL under detached conditions [4] , the sparse thermocou-

ple measurements in JET from recessed areas suggest that this does

not extend much beyond the limiters and that overall the contri-

bution is small. This is discussed further in Section 4 . 

In Section 3 we show that at high energy input we are typi-

cally missing ∼25% of the energy input and in Section 4 we dis-

cuss the local consistency of the wall energy contribution derived

from bolometers. Finally, Section 5 we discuss the possible causes

for the energy imbalance and its implications. 

2. Validation of the JET tile calorimetry method 

The tile calorimetry method used at JET [2] is based on mea-

suring the cool down of the tiles between pulses. This requires

that the time taken for a tile to come into internal thermal equi-

librium is short compared to the cooling time due to conduction

and Planck radiation. When this is true we can back extrapolate

the equilibrated temperature to the end of the JET pulse and use

this to calculate an effective bulk temperature rise from which the

increase in thermal energy can be calculated. The most critical tiles

for the overall energy balance are the divertor tiles and the large

temperature rises also mean that there are most likely to be errors

due to the fact that the losses from the tile will not comply exactly

with a simple exponential decay particularly when the tempera-

ture distribution, and hence sink terms, are non-uniform at the tile

surfaces. Although with the ITER-like Wall Tiles 1,3,4,6,7,8 ( Fig. 1 )
re CFC with a W-coating, this has minimal impact with respect to

revious analysis with the carbon wall [2] . 

The thermocouple based calorimetry method is intrinsically less

rror prone than IR thermography where there are uncertainties

n calibration, surface emissivity, IR emission from the plasma,

eflected light, restricted area of observation and approximations

ade in the inverse calculations used to derive the power. All this

eads to a large and hard to quantify level of uncertainty on total

ower and it is therefore usual to calibrate against the thermo-

ouples. To estimate the uncertainties in the calorimetry method,

 specific divertor tile (Tile 6) has been fully modelled in 3D us-

ng the ABAQUS finite element code for a JET pulse with relatively

igh input energy (85,292) [5] . This pulse had 16 MW of NBI power

pplied for about 10 s. The layout of thermocouples in the JET di-

ertor and magnetic configuration for 85,292 is shown in Fig. 1 .

he thermocouple data from two Tile 6 thermocouples are shown

n Fig. 2 along with the ABAQUS simulations and exponential fits

o the thermocouple data for times greater than 500 s (t2) which

re back extrapolated to the end of the pulse (t1). The fit parame-

ers are the back extrapolated start temperature, the characteristic

ecay time and final equilibrium temperature. 

Once the equivalent total temperature rise assuming internal

quilibrium has been derived from back extrapolation of the ther-

ocouple data, the total energy is calculated by integration of the

emperature dependent heat capacity over the relevant tempera-

ure interval (E tile =m tile ×∫ C p (T)dT where m tile is the tile mass).

he JET divertor is toroidally axisymmetric and so the total energy
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Fig. 3. Temperature dependent heat capacities for CFC type DMS798 used at JET 

from supplier data and recent measurement at the UK National Physical Laboratory 

(NPL). Data for beryllium is also shown. 
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er row can be obtained simply by multiplying by the number of

iles in the toroidal set. 

The match between ABAQUS and temperature histories during

he pulse shown in Fig. 2 is not perfect because the power depo-

ition profile was approximated in a simple way using a skewed

riangular function. However, the cool down has been made a rea-

onable match to the experiment through adjustment of the ther-

al contact resistance between the W-coated CFC tile and the CFC

aseplate within the ABAQUS model. Planck radiation is included

ut switching it on and off shows that it plays a relatively mi-

or role. It is the cooling phase which is most important for our

ethod. 

.1. Sources of error in the divertor tile calorimetry method 

The best estimate of the energy delivered to Tile 6 in reference

ulse 85,292 derived using ABAQUS simulations is 38.6 MJ based

n matching the temperature decay after the tile reaches equilib-

ium rather than the details during the pulse. Six Tile 6 thermo-

ouples are available for this pulse spread over 3 different toroidal

ocations. Back extrapolating the data from each thermocouple in-

ividually and multiplying by the 96 tiles in the toroidal set, gives

nergies in the range 34–42 MJ depending on which thermocou-

le is used. This variation is mainly due to the different responses

ith thermocouple position within a particular tile type, see Fig. 2 ,

ather than toroidal asymmetries which are much smaller. If we

verage these data we find 37.4 MJ with a standard deviation of

 MJ. The incorrect integration of the temperature dependent heat

apacity used in [2] would give a result of 50.7 MJ. A thorough re-

valuation of the energy balance data presented in [2] for compari-

on with current results is not straightforward given an upgrade of

he bolometer system that has occurred since 2001. However, we

an say that the calculated tile energies in [2] would be reduced

y up to 30% if we had used the correct integration scheme and

hat the fraction of the total radiated power falling on the diver-

or, and so double counted, should have been 20–30% rather than

he 10% assumed at the time. If we take the historic radiation and

nput powers at face value, these factors suggest an energy deficit

ith respect to total input energy of about 20%. 

The ABAQUS simulated temperatures are most useful for testing

he sensitivity of the back extrapolation method to details of the

eat deposition. Different temperature histories during the pulse

ere obtained by shifting strike point locations ( −1 to 3 cm shift

rom nominal), varying profile widths (30–120 mm) and adjusting

oroidal wetted fractions (70% −100%) while keeping the same in-

ut energy. This sensitivity study used a fixed input of 35 MJ and

he fit for the 8 different cases produced energies ranging from

7.1 to 38.3 MJ hence an overestimation of the energy by an aver-

ge of 7%. 

Another potential source of error for the calorimetry method is

he uncertainty in material properties. In particular, the mass of

he tile due to density variations intrinsic to CFC material manu-

acture and the reliability of the heat capacity data when applied

o the CFC material used in JET (material produced by Meggitt to

MS798). The density range for this material is 1.72–1.90 g cm 

−3 

nd the tile mass used in the calculations presented here corre-

ponds to an average density of 1.85 g cm 

−3 . 

To be sure that the temperature dependent heat capacity our

aterial was correct, we cut samples from the CFC used in JET and

ent them for testing at the National Physical Laboratory in the UK.

he results are compared with the pre-existing data in Fig. 3 . 

In addition to the W-coated CFC divertor tiles, there are 48 bulk

 tile modules each containing 8 stacks of 24 tungsten lamellae

iving a total of 9216 lamellae each ∼6 mm wide in the toroidal

irection, Tile 5 in Fig 1 . This segmented design has been cho-

en to minimise the risk of cracking the brittle tungsten elements
ue to thermal stresses and other forces. There are thermocou-

les attached to the underside of some lamellae but these have

ot worked reliably and even when the data is good the lack of

oroidal heat diffusion leads to variability between lamellae that

ean the data cannot be trusted for energy balance calculations.

his contrasts with the W-coated CFC tiles which are each made

rom single slabs of CFC with good thermal isolation and therefore

each an equilibrium temperature after the pulse which is repre-

entative of the energy input. For this reason, in this paper we only

nalyse JET pulses where the strike points have avoided this Tile 5.

e assume that the plasma radiation going to the area occupied

y Tile 5 is correctly determined by the bolometer system. 

We conclude from the ABAQUS work that the intrinsic system-

tic uncertainty in the divertor tile calorimetry method is < ±10%

ith respect to the determination of total energy received by each

oroidal set of instrumented divertor tiles. If anything, there are in-

ications that the assumptions and methods tend towards a slight

ver-estimation of the true divertor energy. On the other hand,

here are tiles just outside the divertor which are not instrumented

nd could receive some plasma energy flowing along the magnetic

eld as in the example of Fig. 4 where plasma energy could arrive

o left of the point marked s = 0 on tiles without thermocouples.

e discuss this point further in Section 4 and we conclude that

ased on the energy distribution tile to tile within the divertor,

his is unlikely to contribute more than 10% to the total divertor

nergy. We therefore believe that the maximum uncertainty in the

otal divertor energy is < 20%. 

.1. Sources of error in the limiter/wall tile calorimetry method 

Beryllium, which is used for the majority of the instrumented

imiter tiles, has less variable physical properties than the CFC over

he relevant temperature range (JET limiter tiles usually start at

emperatures above ∼200 °C). The uncertainty in the energy calcu-

ated for each block is thought to be up to 10% due to limitations

f the back extrapolation method. 

The main issue for the accuracy of total energy accounting with

he limiter thermocouples is the relatively sparse measurements

adially and poloidally [3] , Figs. 4 and 5 , coupled with the limiter

o limiter shadow pattern which due to the normal helicity in JET

eposits more power on the right side of the limiters near the top

nd on the left hand side near the bottom [6] . In this paper, to

stimate total energies we assume that each instrumented block

s characteristic also of a number of its un-instrumented neigh-

ours. We also multiply the calculated result by 1.6 to allow for

he fact that the thermocouples only cover about one energy de-
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Fig. 4. Distribution of main chamber thermocouples and magnetic configuration for 

pulse 89,953. 

Fig. 5. Toroidal section through a generic beryllium outer limiter tile. In all cases, 

only the middle blocks and their neighbours (blue) may have thermocouples 

but there are also W-coated neutral beam re-ionisation protection tiles around 

the outer mid-plane which also contain thermocouples and are set further back 

(18.7 mm). (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Energy balance (circles) for limiter discharges on inner and outer limiters 

including Ohmic, ICRH and NBI heating. Also shown are individual energies which 

contribute. 
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cay length (assumed to be ∼1 cm). This method has been bench-

marked against limiter discharges and ∼100% energy accounting is

obtained, Fig. 6 . However, this could be fortuitous since the sys-

tematic error for the total limiter energy could be > 30% based on

the fact that energy decay length assumption could be wrong by

a factor 2 in either direction and we have sparse poloidal cover-

age leading to interpolation errors. Although this level of uncer-

tainty may sound large, the overall effect on the energy balance of

diverted discharges is minimal because the total limiter energy is

only ∼5% of input. We therefore regard the limiter shots as way of

calibrating the limiter energy calculation so that we can be sure is
he method is giving reasonable values when applied to diverted

ischarges. Because we are effectively calibrating the limiter tile

alorimetry to 100% accountability of energy input minus losses, it

an be regarded as an upper limit on the limiter energy. In other

ords, we are not building in a deficit when we move to analysing

iverted discharges. 

Finally, there are some tiles in recessed areas between the lim-

ters which were included to measure neutral beam shine-through

n the inner wall and re-ionisation power on the outer limiters,

ig. 5 . Although few in number and not directly used in the energy

alance calculations these have be used to validate the bolome-

er reconstructions in cases where the NBI related loads are small

nd show us that the plasma load in recessed areas is negligible,

ection 4 . 

. Energy balance in diverted discharges 

The energy balance according to Eq. (2) is plotted in Fig. 7

or a set of ∼350 divertor discharges from JET ITER-like Wall in

hich the strike point was not on divertor Tile 5 throughout the

ulse to get around its lack of thermocouple data. We can see

rom Fig. 7 that the scatter on the energy found is low but we are

issing ∼25% of the calculated energy input. We can also see that

he energy balance improves at low input where ICRH and Ohmic

eating are more important. 

The idea that there might be systematic errors proportional to

he different com ponents of the ener gy balance has been explored

y regression of the above data, Fig. 8 , with expressions of the

orm given in Eq. (3) (title row of Table 1 ). Up to 4 of the 5 pa-

ameters can be fitted at a time. Some of the variations which have

een tried are given in Table 1 . The residual chi-squared given in

ach case is normalised to the case where only parameters d and

 are adjusted ( χ2 =1). The estimated errors on the fitted param-

ters are small in all cases quoted here ( < 4%) but the real issue is

hether the model is correct. 

The only firm conclusion we can draw from these results is that

f the missing energy is due to systematic errors which are con-

tant across the data set, it is least likely that the source of the

mbalance is due to the bolometer data alone. On the other hand,
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Fig. 7. Energy balance (blue circles) for a set of ∼350 divertor discharges includ- 

ing ohmic, ICRH and NBI energy. Also shown are the individual energies which 

contribute. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 

Fig. 8. Comparison of fit cases 1,3,4 from Table 1 . 

Table 1 

Fit parameters defined in Eq. (3) and relative residual chi-squared for different 

combinations of pre-set factors (bold). Examples are plotted in Fig. 8 . Factors f B 
and f X are introduced in Section 1 and set to 0.11 and 0.27 respectively. 

a × E oh + b × E nbi + c × E ich = d × ( E TCdiv + E Tclim ) + e × ( E R − f B E RB − −f X E RX ) (3) 

Case Parameters fitted χ2 a b c d e 

1 d, e (reference) 1 1 1 1 1 .68 1 .04 

2 a, b, c 1 .05 0 .80 0 .65 0 .97 1 1 

3 e only 8 .5 1 1 1 1 1 .76 

4 a, b, c, d / e = 1.0 0 .72 1 .00 0 .81 1 .05 1 .40 1 

5 a, b, c, d / e = 1.25 0 .72 1 .25 1 .02 1 .31 1 .75 1 .25 

t  

t  

a  

I  

p  

a  

Fig. 9. Energy density derived from tile calorimetry (points), compared to tomo- 

graphic reconstruction of bolometer data (solid line) for pulse 89,953. The plasma 

maintains a large clearance from the upper protection and inner wall. The purple 

triangles are from tiles in recessed areas such as the side protection ( Fig. 5 ). The 

dashed line shows the increase in bolometer radiation required to fix the energy 

deficit. Divertor tiles 3, 6 & 7 are off scale in this plot due to the large plasma load 

and are divided by a factor 4 (blue circles). (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 
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he χ2 is rather similar whether the imbalance is assumed all due

o the heating system inputs being overestimated (a,b,c) or due to

 systematic under calculation of sink terms (d,e). Although the

CRH multiplier is close to unity in cases 2 and 4, there is a lack of

ulses in the database with ICRH heating only, high energy input

nd suitable strike point location. An attempt was made to single
ut individual pulses for more careful analysis but the results were

nconclusive. 

We cannot fit all the parameters in Eq. 3 without some con-

traint so we have chosen to fix factor e (radiation) to 1 in case 4.

his minimises the overall χ2 and still pushes the multipliers on

BI(b) and tile energy(d) outside of the range we are comfortable

ith but by less than before. Case 5 is exactly equivalent to case 4

ut with a factor 1.25 applied to the radiation term which has the

ffect of increasing terms a,b,c and d by the same factor. To choose

etween these requires a view on the maximum plausible system-

tic error in each term and this is discussed further in Section 5 .

owever, we can see from case 5 that forcing the multiplier on the

adiated power up to 1.25, allows the neutral beam input power to

e correct but increases the multiplier needed on the thermocou-

le data to 1.75 (almost like having a second divertor somewhere).

verall it looks less credible than case 4. 

. Detailed comparison with bolometer tomography 

Limiter thermocouples can be compared directly with tomo-

raphic reconstruction of the radiated energy pattern for a whole

ulse. The bolometer reconstructions are based on averages of

he raw data for each characteristic phase of the discharge so all

ata used but there is limited time resolution and no gaps in

he data. An example which is important for what is presented

ere is shown in Fig. 9 . Discharge 89,953 is our chosen exam-

le because only the Octant 8 neutral beam injector (NBI) was

sed. This means that the recessed tiles designed to monitor Oc-

ant 4 re-ionisation and beam shine-though on the inner wall only

ee plasma radiation and any far SOL plasma. This discharge also

tarted on the outer limiter and maintained a high clearance with

uch of the inner limiter and upper protection throughout the

ulse. 

For this particular pulse the total energy found is 72 MJ com-

ared to an input of 98 MJ. The breakdown is as follows: losses

E TClim 

3 MJ, E TCdiv 45 MJ, E rad 29 MJ), inputs (E nbi 77 MJ, E oh 24 MJ).

o we are missing a total of 26 MJ which if it is all due to an error

n the radiated power alone would require that the radiated en-

rgy (and power) were underestimated by a factor of 1.9. In Fig. 9 ,

he dashed line shows the impact of applying this factor uniformly.
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Where there is expected to be low plasma loading, the energy den-

sity from tile calorimetry is closest to the original bolometer anal-

ysis without any factors applied. 

Areas not covered by tile calorimetry are the tiles just outside

of the divertor. However, the total energy falling on Tiles 1 and 8

which cover the upper part of the inner and outer vertical targets

(see Fig. 1 ) is only 2.13 MJ and 0.54 MJ respectively. Therefore, even

if we are missing the same amount again on the un-instrumented

baffle tiles, the total is still small compared to the 26 MJ energy

deficit. 

Similar analysis has been carried out on high radiation pulses

which show a similar energy deficit to low radiation, this can be

seen in Fig. 7 . However, because the contribution from the radia-

tion to the overall balance is larger, the correction factor you would

need on the radiation to explain the energy imbalance is smaller

( ∼1.3) the result is less clear-cut than in low radiation cases. This

difference in the correction factor needed on radiation is consistent

with the poor fit obtained if all deficits are attributed to a constant

bolometer calibration error, see Table 1 case 3. Further detail on

this is given by Guillemaut [4] . 

5. Discussion 

Despite significant progress in analysing the energy balance in

JET we can only constrain the cause but not fully isolate it. We can

however make the following statements: 

Errors related to energy loss terms: 

• A simple multiplier in the calibration of the bolometer derived

power cannot explain the missing energy in a consistent way

across the whole data set. Shots with high radiated power frac-

tion would need a smaller correction factor than those with

low radiation. On average the correction factor required is + 76%

( Table 1 , case 3) which can be compared with an estimated er-

ror for the bolometer diagnostic of < 15% [13] . The local energy

density on tiles where there is minimal plasma contact, agrees

well with numbers derived from the bolometers and this also

gives us confidence that the missing energy is not primarily due

to bolometer calibration errors. 
• If all the error is due to the analysis of the tile thermocouples

then we need to increase our tile energies by 70%. The sys-

tematic error for the tile calorimetry method is calculated from

detailed simulation of the methods used and is believed to be

< 20%. There will be some plasma losses outside of the divertor

on the un-instrumented divertor baffles but all the evidence we

have suggests that these are small and an allowance for this is

already included in this error estimation. 

Errors related to energy inputs: 

• We have considered the possibility of systematic error in the

neutral beam input energy which is the dominant input term. If

this were the only issue we would need the beam power to be

20–35% lower than currently calculated. This must be compared

to an extensive analysis of the neutral beam system which sug-

gests a maximum systematic error of ±9.1%. This figure re-

sults from the following uncertainties: Voltage ( < 0.1%), ion cur-

rent ( < 0.1%), neutralisation efficiency ( ±3%), transmission losses

( ±5.9%). Details of the methods used are described in [7] . Ex-

periments have recently been carried out to see if there are

any signs that the energy discrepancy depends on the neu-

tral beam source position in the box, its voltage or its on-time

but these have showed less than 3% variations in the energy

balance with very similar missing fractions to the pulse dis-

cussed in Section 4 . The energies quoted for the neutral beam

are absorbed power and have thus been corrected for the cal-

culated shine-through losses. In pulses with high energy input
( > 200 MJ) the lost fraction is 0.1% and so the error in this num-

ber which is considered to be ±10% has negligible impact. The

maximum contribution of shine-through uncertainty to the en-

ergy balance in our dataset is ±0.5%. 
• The ICRF power coupled to the plasma is given by the differ-

ence between the total power applied by the RF generators and

the Ohmic losses in the transmission lines and antenna struc-

tures [8] . The former is inferred from forward and reflected

voltage measurements taken with directional couplers installed

in the transmission lines, and take into account the reflected

power from the antenna due to eventual impedance mismatch

between the generators and the antenna-plasma circuit. The

reflected power is typically below 10% of the forward power

when the system is properly matched. The Ohmic losses in

the circuit are estimated from vacuum measurements and are

proportional to the skin depth of the RF waves in the metal-

lic structures and thus decrease with frequency. Typical values

of the Ohmic losses of the JET A2 antenna strap at f = 42 MHz

are around 0.5 �. This value is significant compared to the com-

mon values of the antenna-plasma coupling resistance, ranging

from ∼0.8 � in poor coupling conditions (e.g. H-mode or low

SOL density) to ∼2 � (L-mode or optimized SOL density). The

error-bars on the coupled ICRF power calculations are of the or-

der of 10–15%, as a combination of (i) the uncertainties in the

directional coupler measurements (misalignment, contribution

of higher harmonics, etc.) and (ii) the difficulty of determining

the exact Ohmic losses in the vacuum measurements due to the

high Q of the circuit in these conditions. In addition, depend-

ing on antenna phasing, about 10% of input can be deposited

on tiles specifically connected to the antenna [9] which are not

part of the tile calorimetry system. Regressions do not point to

a major issue with the ICRH input calculations and the imbal-

ance exists in shots without ICRH heating so it can be elimi-

nated as a primary cause of the imbalance. 
• The formula used to calculate the Ohmic power in the EFIT

equilibrium code comes from the poloidal magnetic energy bal-

ance equation [10] . The Ohmic heating is approximated by the

dissipative term in this equation which is valid in the large as-

pect ratio, low beta limit. The other two terms are the time

derivative of the poloidal magnetic energy and the Poynting

term representing the energy flow across the boundary. The

Poynting term is written as the product of the total toroidal

current and the toroidal loop voltage on the plasma boundary.

In EFIT, this voltage is calculated as the time derivative of the

poloidal magnetic flux at the boundary. Evaluation of the sta-

tistical and systematic errors in these calculations is complex

because it is linked to the errors in the magnetic equilibrium

and such an analysis has not yet been carried out. Fortunately,

this does not affect our main conclusions because we know that

with high external energy input the Ohmic contribution is rel-

atively small. 

A compromise approach achieving energy balance is to assume

e have systematic errors on all elements of the equation thus al-

owing us to meet somewhere in the middle as in case 4 of Table 1 .

lternatively, the linear approach could simply be wrong and that

he errors actually scale in a more complex way. 

If the missing energy is due to an unobserved loss inside the

essel then the area of deposition needs to be fairly large to avoid

etection. Such a loss also must be roughly proportional to the

otal input energy or divertor energy rather than electromagnetic

adiation. A possible contribution comes from the losses due to

harge exchange around the entrance to the divertor on the in-

oard and outboard sides in the gap between the last instrumented

ivertor tile and first instrumented limiter tiles which would also

ot be seen by the bolometer cameras. To address this point, an
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nalysis of helium plasmas heated by deuterium neutral beams is

till in progress for the reason that the charge exchange power loss

n helium should be extremely low compared to pure deuterium.

nitial results seem to show no difference in the energy deficit be-

ween the two working gases. Charge exchange or other losses to

ile 5, which is not adequately instrumented, might also contribute

nd this is being explored through analysis of JET carbon wall data

ust prior to installation of the ITER-like Wall. In this phase, Tile 5

as a large format CFC tile similar to other divertor tiles and had

orking thermocouples. Preliminary results suggest that the en-

rgy balance is typically 5–10% better but the causes are still under

nvestigation. 

Improvements to diagnostics are clearly essential if we are to

rack down the missing energy and have confidence in the result.

ost fruitful in this regard would be to plug the gaps in the mea-

urement of main chamber losses. More work is also required to

uild confidence in the injected power calculations but this is not

o easy given the scale of the systems involved. 

. Conclusions 

To be fully confident that in current devices we have demon-

trated integrated scenarios which respect the limits for PFCs in

TER and DEMO [11] , accurate energy accounting is required since

igh radiated power fractions are needed. Even a few percent of

nput can potentially cause damage in ITER or DEMO if not de-

osited on a large area of PFCs. In JET, we typically can find ∼75%

f the calculated input energy. This suggests that the maximum

chieved radiated power fraction ( ∼75% of input) seen in JET with

itrogen seeding [12] tells us more about the accounting errors or

nmeasured losses than it does about the residual power load on

he divertor. 
Although the source of the imbalance is still an open question,

ET’s energy balance studies have shown how scaling and other

ethods can be used to eliminate some of the possibilities and

re pointing the way to new diagnostics for use in future studies

hich could fill gaps in our current data. Tokamaks are a complex

ystem and it is clear that characterising and minimising the sys-

ematic errors in the energy balance is more important than having

 set of numbers which appear to add up. 

cknowledgements 

This work has been carried out within the framework of the

UROfusion Consortium and has received funding from the Eu-

atom research and training programme 2014-2018 under grant

greement No 633053. The views and opinions expressed may

ot reflect those of the European Commission. This work was

lso part-funded by the RCUK Energy Programme under grant

P/I501045. 

eferences 

[1] G.F. Matthews , et al. , Phys. Scr. (2011) 014001 . 
[2] G.F. Matthews , et al. , J. Nucl. Mater. 290-293 (2001) 668–672 . 

[3] S. Devaux , et al. , J. Nucl. Mater. 438 (2013) S1208–S1211 . 
[4] C. Guillemaut et al., “Evidence for enhanced main chamber wall plasma loads

in JET ITER-like Wall at high radiated fraction”, this conference. 
[5] P. Bunting , Internal Report Ref: IVER_UM_1500_D014 Issue 2, 12 Nov., 2015 . 

[6] G. Arnoux , et al. , Nucl. Fusion 53 (2013) 073016 (12pp) . 
[7] H. P. L. de Esch, A.J. Bickley ‘Where does the neutral beam power go?’ JET-DN-

C(96) 137. 

[8] I. Monakhov , et al. , Nucl. Fusion 53 (August (8)) (2013) 083013 . 
[9] P. Jacquet , et al. , J. Nucl. Mater. 438 (2013) S379–S383 . 

10] W.A. Houlberg , Nucl. Fusion 27 (6) (1987) 1009 . 
[11] R.P. Wenninger , Nucl. Fusion 54 (2014) 114003 (8pp) . 

12] M. Wischmaier , J. Nucl. Mater. 463 (2015) 22–29 . 
13] L.C. Ingesson, JET Report JET-R(99)06, 1999. 

http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0001
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0001
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0001
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0002
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0002
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0002
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0003
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0003
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0003
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0004
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0004
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0005
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0005
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0005
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0007
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0007
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0007
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0008
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0008
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0008
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0009
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0009
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0010
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0010
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0011
http://refhub.elsevier.com/S2352-1791(16)30166-1/sbref0011

	Energy balance in JET
	1 Introduction
	2 Validation of the JET tile calorimetry method
	2.1 Sources of error in the divertor tile calorimetry method
	2.1 Sources of error in the limiter/wall tile calorimetry method

	3 Energy balance in diverted discharges
	4 Detailed comparison with bolometer tomography
	5 Discussion
	6 Conclusions
	 Acknowledgements
	 References


