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Abstract

The large dynamic particle inventory on the wall is investigated in ASDEX Upgrade and DIII-D with a fast local

particle balance. Certain events (e.g. disruptions or ELMs) lead to an inhomogeneous neutral pressure distribution in

the vessel, e.g. between main chamber and divertor region. We measure the pressure equilibration of this inhomoge-

neous distribution and estimate wall outgassing or pumping rates necessary to satisfy the particle balance. Detailed

particle balances for the divertor of ASDEX Upgrade after disruptions reveal large additional source and sink terms

which decay with time constants of 10±20 ms over up to three orders of magnitude. Taking into account the ®nite pump

time constants of the divertor chambers, ad- and desorption times of the order of 1 ms can be derived. Corresponding

studies on DIII-D con®rm these results, but with a larger spread of the decay times (10±80 ms). The divertor pressure

evolution after ELMs in both tokamaks also con®rms the existence of such a fast reservoir. Ó 1999 Elsevier Science

B.V. All rights reserved.
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1. Introduction

It is generally observed on divertor tokamaks that

only 10±20% of the gas pu�ed in during plasma build up

appears ®nally as plasma or neutral gas in the torus [1,2].

Most of the ``missing'' particles are not permanently

buried or lost, but are transiently adsorbed on the wall

and are involved on a short time scale in the recycling

process.

The wall inventory, i.e. the amount of gas actually

stored on the wall, can be evaluated simply by a global

particle balance, but the distribution in the torus, the

wall materials mainly involved and the adsorption

mechanism are widely unknown. One can learn more

about the wall reservoir, i.e. the ability of the walls to

transiently store particles, by studying the pressure re-

laxation after fast events which leave behind a strongly

inhomogeneous pressure distribution like disruptions or

ELMs. Ad- or desorption on the wall causes sink or

source terms in a fast local particle balance during the

pressure relaxation.

After a disruption leads to the inhomogeneous

pressure distribution in the vessel the plasma has dis-

appeared and a quantitative particle balance is possible

considering only volumes, conductances and pumping

speeds. The wall condition may be modi®ed by the

disruption itself, e.g. part of the wall inventory may be

deposited during the disruption. Issues which can be

addressed are the size of the reservoir, the balance be-

tween adsorbed gas and neutral pressure in the volume,

adsorption mechanism or adsorption times and ener-

gies.

After an ELM the wall condition is typical for the

discharge. But the presence of plasma allows only a

qualitative analysis, e.g. an estimation of relaxation

times. ASDEX Upgrade (Fig. 1) and DIII-D (Fig. 2) are

well quali®ed for such investigations. Both are equipped

Journal of Nuclear Materials 266±269 (1999) 1065±1071

* Corresponding author. Tel.: +49 89 3299 1459; fax: +49 89

3299 2580; e-mail: ggh@ipp-garching.mpg.de

0022-3115/99/$ ± see front matter Ó 1999 Elsevier Science B.V. All rights reserved.

PII: S 0 0 2 2 - 3 1 1 5 ( 9 8 ) 0 0 5 6 1 - 3



with fast in-vessel pressure gauges (response time 1±2 ms)

[1,3,4]. There are no large chambers with slow connec-

tion to the main chamber which would mask the wall

e�ect by their own time constant.

2. Particle balances after disruptions

In ASDEX Upgrade and DIII-D single null down

divertor discharges are considered. No internal cryo

pump has been used. As in other elongated tokamaks

disruptions are usually accompanied by a vertical in-

stability (Vertical Displacement Event). Mostly the

plasma is dumped into the divertor (VDE down) pro-

ducing a much larger pressure rise and wall load in the

divertor than in the remaining vessel. However, occa-

sionally the plasma is dumped in the opposite direction

(VDE up) with the pressure rise in the divertor slower

and smaller than in the remaining vessel. Additionally

when the gas load of the divertor during the preceding

discharge is small, the pressure in the main chamber may

become higher than the divertor pressure. In both cases

the analysis of the pressure relaxation between divertor

and main vessel allows to study transient adsorption

processes on the walls in the divertor with time scales in

the ms range.

2.1. Model and geometry

The objects of this study are conditions and processes

in the divertor, not in the main chamber. Particle bal-

ances are done for volumes and walls in the divertor,

only. Pressures have to be measured in both parts of the

vessel, the main chamber pressure, however, serves as a

reference, only.

2.1.1. ASDEX Upgrade

In the previous ASDEX Upgrade divertor (Div I)

two well-de®ned chambers existed (Fig. 1), the private

¯ux region (PFR) below the X-point and the divertor

chamber behind the passive stabilization loop (Div).

Their volumes VPFR and VDiv, the conductances CPFR

and CDiv to the main chamber, the pumping time con-

stants sPFR and sDiv and the pumping speed of the ex-

ternal turbo molecular pumps CTP connected to the

divertor chamber are given in Table 1. The conduc-

tances and the pumping speed are given for molecular

¯ow condition. The increase in the transition ¯ow range

is taken into account for the analysis. The values in

Table 1 are expected to be accurate within 25%

The particle balance of the PFR can be expressed

by

dpPFR

dt
VPFR � �pPFR ÿ pVes�CPFR � SPFR �1a�

with pPFR and pVes being the pressures in the PFR and

the vessel, respectively and SPFR an additional source

term caused, e.g. by ad- or desorption processes.

One gets the balance equation for the divertor

chamber by replacing the PFR related quantities (sub-

script ``PFR'') with the corresponding quantities related

to the divertor chamber (subscript `Div') and adding a

Fig. 1. Cross section of ASDEX Upgrade with the position of

the neutral pressure gauges and other features relevant for this

study.

Fig. 2. Cross section of DIII-D with the position of the neutral

pressure gauges and other features relevant for this study.
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term to the left hand side representing the pumping by

the external turbo molecular pumps

dpDiv

dt
VDiv � �pDiv ÿ pVes�CDiv � pDivCTP � SDiv: �2�

Using the measured pressures and the quantities given

in Table 1 Eqs. (1a) and (2) can be integrated numer-

ically. In all cases investigated we have found a non-

zero source term, positive after a VDE down and

negative or positive after a VDE up. For a negative

term the gas load of the divertor during the preceding

pulse has to be very low. Otherwise the vessel pressure

will not exceed the divertor pressure. The typical pos-

itive source term can be described as superposition of a

large but fast exponentially decaying contribution and

a minor slowly decaying or even constant one. The

second may decay exponentially, too, but then with a

time constant exceeding the observation time. We

consider the slow contribution as the beginning of the

well-known long term outgassing which has been

measured on other tokamaks up to hours after a dis-

charge and is usually described as / tÿ�0:7�0:2� [5]. After

subtracting such a background one gets a clear expo-

nential decay with a time constant of about 10±20 ms

sometimes over nearly three orders of magnitude. (see

Fig. 3 below) The very few examples of a negative

source term show no slow component. In this paper we

will deal with the fast component. For the quality of its

exponential ®t the assumed time dependence of the

slow one is only marginally important, but for math-

ematical simplicity an exponential ®t is convenient. In

the following only the equations for the PFR are ex-

plicitly discussed.

The source term can be identi®ed with ad- or de-

sorption on the chamber walls

SPFR � ÿAwPFR

dnwPFR

dt
=NA: �3�

There is nwPFR the density per unit area of particles ad-

sorbed on the walls, and NA � 2:5 � 1022 D2=m3 mbar.

AwPFR the surface area of the walls in the PFR.

As we will show later the fast decay of the source term

indicates a thermal desorption rate of the order of 1000

sÿ1 which corresponds for room temperature to a binding

energy of a few 10ÿ1 eV/particle. That excludes implan-

tation, chemisorption or adsorption involving dissocia-

tion, which are higher energy processes. Additionally we

observed similar decay rates for positive and negative

source terms. In the latter case after the disruption gas is

streaming into the divertor and the process is de®nitively

dominated by adsorption of molecules in the divertor

and not by desorption of particles which may be depos-

ited on the wall during the disruption itself. After the

disruption the available energies per molecule are insuf-

®cient for implantation or dissociation.

Therefore we assume a ®rst order adsorption process

of molecules which can be described by

dnwPFR

dt
� uPFR�mPFR ÿ nwPFR�rad ÿ nwPFR

sw
�4a�

mPFR being the density per unit area of traps, rad the

adsorption cross section, 1=sw the thermal desorption

rate and uPFR � pPFRNA�v=4 the neutral ¯ux density of

the gas (with �v mean velocity of the molecules).

With huPFRi � 1
t

R t
0
uPFR�t0� dt0 the neutral ¯ux den-

sity averaged for the time period 0 < t0 < t Eq. (4a) can

be solved analytically:

nwPFR�t� AwPFR

AwPFR vPFR rad

� exp�ÿ�rad huPFRi � 1=sw�t�Zt

0

uPFR�t0�exp��radhuPFRi � 1=sw�t0� dt0

24
� nwPFR�0�AwPFR

AwPFRmPFRrad

35: �5�

About 20 ms after the disruption the integration is

started (t� 0). The wall inventory at this time,

nwPFR�0�AwPFR, can be derived by integrating the expo-

nential ®t for the fast component of the source term

from 0 to 1.

To get an impression of the qualitative behavior of

the volume and wall inventories we consider a case with

nwPFR � mwPFR and pVes � pPFR. This may be not ful-

®lled shortly after the disruption when the gas load of

the wall may reach saturation level and late in the decay

when pVes approaches pPFR. But between it is a good

approximation.

We introduce nPFR � NApPFR the particle density per

unit volume in the private ¯ux region and three charac-

teristic rates, 1=sPFR � CPFR=VPFR the pumping rate of

Table 1

Parameters of the ASDEX Upgrade divertor

Private ¯ux region Divertor chamber

Subscript PFR Div

Volume V 1.25 m3 1.72 m3

Conductance to main vessel C 220 m3/s 390 m3/s

Pumping time constant s�V/C 5.7 ms 4.4 ms

External pumping speed CTP none 13 m3/s
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the PFR, 1=sad � AwPFRmPFRrad�v=4=VPFR the rate with

which molecules become adsorbed in the PFR, 1=s� the

measured decay rate of the fast component of the source

term.

Eqs. (1a) and (4a) become linear with these as-

sumptions:

dnPFR

dt
� nPFR

sPFR

� ÿAwPFR

VPFR

dnwPFR

dt
; �1b�

dnwPFR

dt
� nPFR

�v
4

mPFRrad ÿ nwPFR

sw

: �4b�

An analysis of these simpli®ed di�erential equations

shows that during a start phase nPFR decays faster than

nwPFR. During the following stationary phase both

quantities drop exponentially with the same rate which

can be identi®ed with 1=s�. Eqs. (1b) and (4b) yield

1=sw � 1=s� � sPFR

�s� ÿ sPFR�sad

�6�

We have several unknown coe�cients (the parameters of

the slow component, rad;AwPFRmPFRrad), which are ex-

pected to be constant at least during the decay after one

pulse. They have to be determined step by step by

comparison with the experimental results. The steps for

deriving the coe�cients are:

1. Determination of the total source term by numerical

integration of Eqs. (1a) or (2).

2. Subtraction of an appropriate slow background from

the source term so that the remaining fast component

decays exponentially down to signal noise.

3. Calculation of the thermal desorption rate 1=sw from

Eq. (6) with an estimated sad.

4. Variation of rad in Eq. (5) so that the variation in

time of the `adsorbing area' on the walls Aad �
AwPFRmPFRrad becomes a minimum during the decay.

5. Calculation of an improved sad with the new Aad and

iteration of the last three steps 3, 4 and 5.

2.1.2. DIII-D

This model can be applied also to DIII-D slightly

modi®ed for the di�erent geometry (Fig. 2). DIII-D has

no well-de®ned divertor chambers. The pump plenum

which may be considered is too small and its vacuum

time constant too long to contribute to a fast source

term. The pressure drops continuously from the bottom

of the vessel towards the top. The divertor pressure is

measured by a gauge installed in a recess in the lower

divertor plates looking upwards. It averages over a few

mean free path lengths in the neutral gas. We consider as

``divertor region'' this volume above the lower target

plate, e.g. 10 mean free path lengths in height. This

choice may appear arbitrary. It has, however, no in¯u-

ence on the proof of the existence of an additional

source term from the wall. The conductance from the

divertor region to the top of the vessel is so large, that

the vacuum time constant is below 1 ms. This is less than

10% of the shortest decay time observed (see Sec-

tion 2.2.2). This question has to be discussed, however,

in more detail, if one tries to derive also from the DIII-D

data ad- and desorption times. For the conductance the

whole vessel is considered as an annular slit. Transition

¯ow e�ects are taken into account. The reference pres-

sure in the main chamber is measured by a gauge in-

stalled in the upper pump plenum. The readings of it

were corrected for a time constant of 30 ms.

2.2. Results

2.2.1. ASDEX Upgrade

Fig. 3 shows results of a fast particle balance for the

divertor chamber. Data for other discharges are sum-

marized in Table 2. The procedure described at the end

of Section 2.1.1 works ®ne for most of the unknown

coe�cients except for rad. It is remarkable that the

thermal desorption rate is much faster than the decay of

the source term. The ``adsorbing area'' is within a factor

of three constant from shot to shot, but the adsorption

cross section changes over a large range which is im-

plausible. One ®nds values between 10ÿ23 and 10ÿ19 m2.

The reason is that as long as most traps are empty, i.e.

the wall is far from saturation (expressed in Table 2 by

the degree of coverage h), only the product Aad of the

Fig. 3. Fast particle balance for the divertor chamber of AS-

DEX Upgrade after a disruption. The straight line in the lower

part corresponds to a decay time of about 10 ms.
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number of traps and their cross section can be deter-

mined. The number of traps AwPFRmPFR � Aad=rad and

the cross section rad, can be separated only if the wall is

partially saturated. Mostly saturation is reached only

during and immediately after the disruption. At this time

a detailed analysis is di�cult.

2.2.2. DIII-D

Fast particle balances during the decay after disrup-

tions at DIII-D show a similar additional source term.

There is a large exponentially decaying component on

top of a small nearly constant background. Fig. 4 shows

an example with a decay time of 11.5 ms. The decay

times show a broader distribution (see Table 3), but the

shortest times are the same as in ASDEX Upgrade ex-

cluding an e�ect of vacuum time constants. The longer

times observed in some of the DIII-D cases (they are

over represented in Table 3) may be caused by the fact

that in DIII-D the walls in the divertor have direct

contact with the plasma during the discharge whereas in

ASDEX Upgrade they have not. We found some cor-

relation between the longer decay times and the dis-

charge duration, the total gas pu� and the divertor

pressure before the disruption as shown in Table 3.

Particle balances with slower decay may be dominated

by particles which are slightly stronger bound. There is,

however, also the possibility that the unexpected long

decay times are caused by the assumed pressure and time

dependence of the divertor volume. This needs a more

detailed discussion which is beyond the scope of this

paper.

3. Pressure development after ELM's

After an ELM the neutral gas pressure in the divertor

especially in the private ¯ux region rises. The increase

does not start before the ELM characterized by the Ha

signal is nearly completed. The pressure maximum is

reached typically 10 ms later in both tokamaks as shown

in Fig. 5. This behavior con®rms qualitatively the results

from the particle balances after disruptions. A quanti-

tative particle balance is impossible. Especially during

and after an ELM the role of the plasma as source and

Fig. 4. Fast particle balance for the divertor region of DIII-D

after a disruption. The straight line in the lower part corre-

sponds to a decay time of about 10 ms.

Table 2

Results from ASDEX Upgrade

# Slow component Fast component

s amplitude s� Aad rad sw sad h

Private ¯ux region

3887 1.2 6.25 ´ 1021 9.08 9.91 1.0 ´ 10ÿ20 0.24 0.41 7.90

7958 0.5 5.0 ´ 1020 18 9.23 3.8 ´ 10ÿ20 0.9 0.44 17.8

8042 0.9 1.50 ´ 1021 7.60 3.34 1.0 ´ 10ÿ22 0.38 1.21 0.21

8043 0.7 1.75 ´ 1021 11.50 3.89 1.0 ´ 10ÿ23 0.97 1.04 0.03

Divertor chamber

3887 1.2 5.75 ´ 1021 9.65 17.20 2.0 ´ 10ÿ20 0.37 0.32 17.00

7958 ± 0 17.5 18.9 1.0 ´ 10ÿ19 0.83 0.29 30.9

8042 0.9 1.50 ´ 1021 15.10 21.20 2.5 ´ 10ÿ21 0.61 0.26 1.50

8043 0.7 1.75 ´ 1021 16.50 33.80 6.0 ´ 10ÿ20 0.44 0.16 37.80

s D2/s ms m2 m2 ms ms %
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sink of neutrals can not be calculated with su�cient

accuracy.

4. Adsorption model

High thermal desorption rates of the order of 1000

sÿ1 on walls at room temperature are compatible with

binding energies of several 10ÿ1 eV excluding chemi-

sorption or implantation. Such values are only slightly

above the range reported in the literature for physical

adsorption by van der Waals forces in the undisturbed

systems hydrogen/graphite and hydrogen/metal [6±10].

It seems reasonable to attribute the found reservoir to

physical adsorption activated by the plasma. The fact

that we see qualitatively the same behavior after an

ELM excludes the disruption as only origin of the traps.

A rather good particle accountability of pre®ll and gas

pu�s 1 or 2 s after the discharge indicates a short life

time of these traps themselves.

5. Conclusion

Fast particle balances after disruptions for the di-

vertor regions in ASDEX Upgrade and DIII-D show an

additional exponentially decaying source term which is

caused by sorption processes on the wall. Especially the

analysis of data from ASDEX Upgrade indicates ad-

and desorption times around 1 ms. Integrating the fast

source term delivers up to three times as many particles

as are present in the volume at the time of the pressure

maximum. The fast exchange in combination with the

size explains the important role which this wall inven-

tory plays for the whole discharge. It disappears within

100 ms after the discharge. It is completely decoupled

from the known long term inventory which is built up by

implantation or codeposition and usually investigated

by analysis of probes after the discharge.

This study has to be considered as a start. We plan to

extend it with an improved model and by investigating

more discharges. The pulse by pulse variation of quan-

tities like sw;Aad or sad which are expected to be constant

is too large to be caused by data scatter only. It may also

indicate that some of the assumptions made are too

simple. It is, e.g. questionable that all traps have iden-

tical sw instead of a distribution.
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