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Abstract. A first-flight neutral transport model to describe the dependence of pump plenum neutral

pressure on plasma parameters and magnetic geometry is presented. It is shown that the model is in

excellent agreement with neutral pressure data from a low recycling DIII-D tokamak discharge. It is

also shown that the main contribution to plenum pressure arises from the part of the ion particle flux

profile which is closest to the plenum entrance. This work illustrates the sufficiency of a simple model

in divertor plenum hardware design studies to maximize particle exhaust for density control.

Particle control is necessary for both present day
fusion experiments and future power plants. Sus-
tainment of these high performance plasma regimes
requires density control [1, 2], and a power produc-
ing reactor will require exhaust of the helium ash by-
product. The two primary techniques used to enable
particle control in present day tokamaks are wall con-
ditioning techniques [3] and in-vessel pumping.

In-vessel pumping is usually accomplished in
diverted tokamaks by the implementation of a tur-
bopumping or cryopumping system installed in con-
junction with a pump plenum and baffle system
[1, 4–6]. The purpose of the plenum is to enhance
the neutral particle density near the pumps by reduc-
ing the probability of neutral leakage back into the
main plasma; in addition, the plenum must protect
the pumps from contact with hot plasma or ener-
getic neutrals. It has been demonstrated that a pump
plenum and baffle system can indeed be designed
to compress neutrals inside the plenum. For exam-
ple, the DIII-D lower pump plenum neutral pres-
sure increases strongly as the divertor outer strike
point (OSP) is moved close to the plenum opening
[1, 7–9]. The utility of divertor pumping has been
demonstrated by enabling density control [1, 10] and
wall deuterium inventory control [1, 11] in H mode
plasmas.

Design of the plenum is crucial in optimization
of the pumping system and is commonly done [12]
with detailed 2-D edge plasma transport calcula-
tions coupled to 2-D or 3-D Monte Carlo neutral
transport calculations. These calculations are both

time consuming and suffer from uncertainties arising
from the fact that the number of free parameters far
exceeds the number of experimental constraints. To
facilitate the design of future pump plenum openings
for DIII-D, a model has been developed to relate the
pump plenum neutral pressure to the divertor plasma
parameters and the geometry of the OSP relative
to the plenum opening. The goal of our model is to
reproduce the measured plenum pressure dependence
on OSP location by using the measured outer diver-
tor plate density, temperature and parallel particle
flux (ndiv

e (r), T div
e (r) and Γ‖i (r), respectively) and a

simple approximation for neutral transport into the
pump plenum and neutral escape out of the plenum.
The approximation used for neutral transport into
the plenum consists of two probabilities: (a) the geo-
metric solid angle of the plenum to first-flight recy-
cled neutrals, F (r); (b) the transmission probability
that neutrals heading towards the plenum are not
ionized prior to entering the plenum, T (r). This sim-
ple technique is essentially a first-flight neutral trans-
port model in that it neglects charge exchange con-
tributions to the plenum pressure. It will be shown
that this model produces excellent agreement with
measurements from the DIII-D tokamak. We note
here that this model has similarities to previous mod-
els for plenum pressure, for both pump limiters [13]
and divertors [14]. The key difference is that we
use experimentally measured divertor plasma pro-
files and time dependent magnetic equilibrium recon-
structions as inputs. A description of the model and
comparisons with data are given below.
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The geometry of the lower divertor in DIII-D is
shown in Fig. 1 and the geometry used for the pump
plenum model is shown schematically in Fig. 2. The
boundary of the plenum is defined in this model by
a critical radial location Rcr . The neutrals which are
transported past this critical radius are considered to
be inside the plenum. This model effectively treats
the entrance of the plenum as an aperture at Rcr

with a given height H.
The neutral pressure in the plenum at a given OSP

radius ROSP is given by

P plen
0 (ROSP ) =

Iplen
0 (ROSP )

7× 1019(Spump + C)
(1)

where P plen
0 is the plenum pressure (torr), Iplen

0

the neutral ‘current’ entering the plenum (integrated
over target ion flux profile) (particles/s), Spump the
pumping speed (L/s) and C the molecular back con-
ductance out of the plenum (L/s). From in situ
calibrations, Spump ∼ 30 m3/s (if the cryopump
is on and P plen

0 < 1 mtorr) and C ∼ 40 m3/s
(P plen

0 < 4 mtorr) for thermal, molecular D2. Note
the 7× 1019 factor in Eq. (1) converts from amperes
to torr L/s. The neutral ‘current’ transported into
the pump plenum is a function of ROSP and is given
formally by

Iplen
0 (ROSP ) =

∫ Rmax

Rmin

Γ0(r)F (r)T (r)2ΠRm(r) dr (2)

where Γ0(r) is the neutral flux radial profile, F (r) the
geometric solid angle of plenum opening, T (r) the
probability that neutrals will not be ionized during
transport into the plenum, Rmin and Rmax the limits
of outer divertor particle flux profile, and Rm the
major radius.

The limits of integration are determined as fol-
lows: Rmax is taken to be the maximum flux sur-
face radius that does not intercept the front face
of the plenum structure. The face of the plenum
entrance is at 1.692 m; however, the poloidal flux
surfaces in DIII-D intercept the target with an inci-
dence angle ∼45◦. We use Rmax = 1.72 m based on
typical equilibrium magnetic reconstructions. Note
that this means Rmax actually exceeds Rcr , due to
the flux surface geometry. To allow for the contri-
bution of neutrals originating from the private flux
region (PFR), Rmin must be set to a few PFR par-
ticle flux radial e-folding lengths less than ROSP .
Typically λ

Γ‖
PFR ∼ 1–1.5 cm; hence, we use Rmin =

ROSP − 8 cm for simplicity.
We need to relate the unknowns Γ0(r), F (r) and

T (r) to geometry and measurable quantities in order
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Figure 1. DIII-D poloidal cross-section and cryopump

diagram.
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Figure 2. Schematic representation of pump plenum

entrance.

to solve Eq. (2). The neutral recycling flux profile
at the target Γ0(r) is comprised of Franck–Condon
neutral flux ΓFC and fast reflected neutral flux ΓRE ,
i.e. Γ0(r) = ΓFC (r) + ΓRE (r). These can be related
to the ion flux radial profile, parallel to the total
magnetic field, Γ‖i (r) by

ΓFC (r) = (1−Rn)Γ‖i sin[ΘB(r)] (3a)

ΓRE (r) = RnΓ‖i sin[ΘB(r)] (3b)

where Rn is the energetic particle reflection coef-
ficient and ΘB(r) the incidence angle of the mag-
netic field on the floor (= tan−1[Bz(r)/Bφ(r)]). We
use Rn = 0.25, based on the fractal TRIM mod-
elling code for rough graphite surfaces [15]. In fact
the Franck–Condon flux originates from the target
largely as molecules, but these molecules have a short
dissociation mean free path λdiss for our divertor
parameters (0.4 mm < λdiss < 2 mm); the dissocia-
tion process creates neutrals at the Franck–Condon
energy of ∼3 eV. Γ‖i (r) is obtained from divertor
Langmuir probe analysis, discussed later.

The probability that recycled neutrals will be
transported towards the pump plenum F (r) is given
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by the solid angle of the plenum opening at the point
of neutral origin:

F (r) =

∫ Θmax

0

I(Θ)dS(Θ)∫ Π

0

I(Θ)dS(Θ)
(4)

where I(Θ) is the poloidal distribution of recycled
neutral current and dS(Θ) the differential area sub-
tended by the plenum entrance (=2ΠRm sin(Θ) dΘ).

The maximum acceptance angle for a neutral orig-
inating at major radius R is shown schematically in
Fig. 2. For R < Rcr , Θmax = tan−1[H/(R − Rcr )];
for R > Rcr , Θmax = tan−1[H/(R − Rcr )] + 180◦,
where H = 0.027 m and Rcr = 1.692 m for the DIII-
D lower pump plenum hardware. On the basis of the
fractals TRIM modelling [15] of deuterium recycling
off rough graphite surfaces, both Franck–Condon and
fast reflected species are assumed to have an isotropic
poloidal distribution. In this case, Eq. (4) has an ana-
lytic solution,

F (r) =

∫ Θmax

0

sin(Θ) dΘ

2
=

1− cos[Θmax (r)]
2

. (5)

Next we compute the SOL ionization probability,
which attenuates the neutral flux aimed towards the
pump plenum. This attenuation can be computed
from the neutral flux continuity equation

dΓ0(r)
dr

= −ne(r)n0(r)〈σv〉EII (r)

= − ne(r)Γ0(r)〈σv〉EII (r)
v0

(6)

where v0 =
√

2E0/m0, E0 is the assumed neutral
kinetic energy and m0 the neutral mass (=3.34 ×
10−27 kg).

The solution to Eq. (6) yields the transmission
factor T (r),

T (r) ≡ Iplen
0 (Rmax )

Iplen
0 (R)

= exp

[
−1
v0

(∫ Rmax

R

ne(r)〈σv〉EII (r) dr

)]
. (7)

The fast reflected neutrals are assumed to have a
mean energy of 2.5Te, resulting from an energy reflec-
tion coefficient [15] of 0.5 and an assumed ion impact
energy of 3.5Te + 1.5Ti ∼ 5Te. The Franck–Condon
neutrals have a mean energy of 3 eV. The spatial
dependence of the 〈σv〉EII (r) in Eq. (7) originates

from its Te dependence and the spatial profile of
Te. An analytic approximation [16] for the Te depen-
dence of the electron impact ionization (EII) reaction
rate parameter is used (Te in eV):

〈σv〉EII (r) ≈ 3× 10−16T 2
e (r)

3 + 0.01T 2
e (r)

(m3 s−1). (8)

Equations (1)–(8) can be solved with divertor
target profiles for ndiv

e (r), T div
e (r) and Γ‖i (r) and

magnetics reconstruction. The ndiv
e (r), T div

e (r) and
Γ‖i (r) profiles are measured by sweeping the OSP
over Langmuir probes embedded [17] in the target
(Fig. 1). This technique produces a more spatially
resolved profile than that using multiple probes at
a single time slice because the probes are physically
separated by 3 cm. However, this technique requires
an assumption that the target ndiv

e (r), T div
e (r) and

Γ‖i profiles are constant relative to the OSP during
the OSP sweep. Mapping of the time dependence
of the divertor parameter measurements yields spa-
tial profiles of ndiv

e (r), T div
e (r) and Γ‖i (r) relative to

the OSP. These spatial profiles are fitted with up to
three different exponential scale lengths, two on the
SOL side of the separatrix and one on the PFR side.
The fitted profiles are then used in the calculation of
plenum pressure.

The evaluated discharge (No. 95255) was a
lower single null configuration with Ip = 1.4 MA,
Bt = −2.0 T, ion ∇B drift towards the X point
and NBI power ∼4.7 MW. This H mode discharge
had an approximately constant line averaged den-
sity of 5× 1019 m−3 during the OSP sweep and the
cryopump was inactive. The divertor target profiles
were reconstructed from four Langmuir probes: 4–1,
R = 1.580 m; 4–2, R = 1.608 cm; 4–3, R = 1.635 cm;
4–4, R = 1.663 cm. These profiles (shown in Fig. 3)
all peak within 1 cm of the OSP, which is the nomi-
nal uncertainty of the OSP location from magnetics
reconstruction. Note that the profiles obtained from
the different probes largely overlap, which indicates
that the assumption of static profiles during the OSP
sweep used above is justified.

The plenum pressure is computed for a range of
OSP locations; in each case, the ndiv

e (r), T div
e (r)

and Γ‖i profiles relative to the OSP are held fixed.
Time dependent magnetics reconstructions with the
EFITD code [18] are used, i.e. each OSP location
in the calculation range uses the magnetic geome-
try with the closest actual OSP location from the
discharge. This means that ΘB(r) varies over the
OSP calculation range in the same way that it
varies experimentally during the OSP sweep. It is
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Figure 3. Profiles of ndiv
e (r), T div

e (r) and Γ
‖
i (r) from

Langmuir probe data, for discharge 95255: Ip = 1.4 MA,

Bt = −2.0 T, PNBI = 4.7 MW, lower single null divertor.

The spatial profiles relative to the separatrix are obtained

by translating time dependent profiles obtained during

an OSP sweep. λSep is the e-folding length very close to

the separatrix (SOL side), λSOL is the e-folding length

further in the SOL and λPFR is the e-folding length in

the private flux region.

important to use the time dependent ΘB(r) because
ΘB(r) increases at higher major radius (higher Bz,
lower Bφ).

Results of the computed plenum pressure are com-
pared with data in Fig. 4 for discharge 95255. Two
model predictions are shown: the solid curve allows
the divertor ion current to vary as indicated by the
magnetics and the assumption that the profiles do
not change during the OSP sweep (variable ion cur-
rent model). The dashed curve fixes the ion cur-
rent at the average value computed from the vari-
able ion current model; this is done by adjusting the
peaks of the Γ‖i and ndiv

e profiles at each OSP loca-
tion while keeping the scale lengths fixed (fixed ion
current model). Thus, the fixed ion current model
is more indicative of the impact of the geometric
aspect of OSP changes on pressure buildup, while
the variable ion current model includes the effect of
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Figure 4. Computed pressure from both variable and

fixed ion current models compared with data versus OSP

position for discharge 95255.

the magnetic field target incidence angle changing
with major radius.

Both models for ion current are in excellent agree-
ment with the computed peak pressure as shown in
Fig. 4. Qualitatively the plenum neutral pressure is
highest when the OSP is close to the plenum opening
because the solid angle factor F (r) is the highest. In
other words, the geometric dependence of F (r) is the
strongest variable in Eq. (2). Note that the computed
plenum pressure is most sensitive to the Γ‖i and ndiv

e

profiles. T div
e is used only in the calculation of the

transmission factor T (r), and this factor is almost
unity for the discharge studied because the ioniza-
tion mean free path λion is relatively long under these
conditions (λion ≤ 2, 10 cm for Franck–Condon par-
ticles and fast reflected particles, respectively).

It is interesting to note that both models pre-
dict the plenum pressure quite accurately even when
the OSP is far away from the plenum opening, for
example R < 1.60 m. It is under these conditions
that charge exchange/diffusion might affect the neu-
tral transport into the plenum. However, it can be
inferred from the excellent agreement at small OSP
locations in Fig. 4 that either the magnitude of this
effect is small or that charge exchange/diffusion of
neutrals into the plenum acceptance cone is approx-
imately balanced by transport of neutrals out of the
acceptance cone.

Note that both models predict a rapid fall-off of
neutral pressure as ROSP exceeds Rmax . This fall-off
in neutral pressure has been observed experimentally
in other discharges with larger OSP sweeps; unfortu-
nately, the OSP in this discharge was swept out only
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curves show the model calculations for the normalized
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neutral origination.

to ∼R = 1.71 m. Physically this reduction in the
neutral pressure occurs because the ion flux 1–2 cm
on the SOL side of the separatrix is scraped off by
the side of the bias ring which defines the plenum
opening. The neutrals along this trajectory cannot
contribute to the first flight neutral flux entering the
plenum. These neutrals could contribute indirectly to
the plenum flux by ionization in the SOL and subse-
quent flow to the target. If this were a large effect,
an increase in the peak ion flux would be observed
when the OSP was moved into the plenum entrance.
However, such an increase of the peak ion flux as
ROSP approaches Rmax has not been found by the
Langmuir probes in this or other similar discharges.
Thus, it can be concluded that the plenum pressure
contribution of neutrals recycling off the face of the
plenum opening is indeed negligible for the discharge
conditions.

It is instructive to examine where most of the neu-
trals that contribute to the plenum pressure orig-
inate from, as well as which neutral energy pop-
ulation (Franck–Condon or reflected) is the larger
contributor to the pressure. Figure 5 shows the
results of a calculation with the OSP at 1.50 m.
The normalized ion current profile (I(Rm) =
2ΠRmΓ‖i (Rm) sin[ΘB(Rm)]) shown in Fig. 5 peaks
1 cm on the private flux region side of the OSP, con-
sistent with the Γ‖i (r) profile in Fig. 3. Also shown are
the (normalized) calculated contributions of neutrals

to the plenum current from Franck–Condon neutrals,
i.e. ΓFC (Rm)F (Rm)TFC (Rm)2ΠRm, and reflected
neutrals, i.e. ΓRE (Rm)F (Rm)TRE (Rm)2ΠRm. Note
that even though the ion current profile peaks 20 cm
away from the plenum opening at R = 1.692 m,
most of the contribution to the plenum pressure orig-
inates from neutrals born near the plenum entrance.
This occurs primarily because the solid angle fac-
tor F (Rm) increases strongly as Rm approaches Rcr .
Owing to the relatively long ionization mean free
path in this low recycling discharge, the neutrals
close to the plenum entrance have negligible minor
plasma attenuation, i.e. TRE ∼ TFC ∼ 1 as Rm
approachesRcr . Thus, the total Franck–Condon con-
tribution (chain curve, Fig. 5) exceeds the reflected
particle contribution (dotted curve), roughly by (1−
Rn)/Rn ∼ 3.

It is noteworthy to contrast the sharp dependence
of DIII-D’s plenum neutral pressure on OSP location
with other tokamaks at this point. Both JET [19, 20]
and Alcator C-Mod [21] have reported a weak depen-
dence of the plenum pressure on the plenum opening
location. It was concluded in Ref. [14] that DIII-D’s
plenum pressure was primarily linked to first flight
neutrals, whereas both Alcator C-MOD and JET
have charge exchange neutrals as the dominant con-
tributor to plenum pressure. While we cannot con-
firm the conclusions about JET and Alcator C-MOD,
our model supports the conclusion of the origin of
DIII-D’s plenum pressure.

We have shown that a simple recycling and neu-
tral transport model can be used to accurately pre-
dict plenum pressure as a function of geometry and
target plate plasma parameters. This model clearly
applies to discharges with a long divertor ionization
mean free path for neutrals; the usage of this model
in the intermediate or short mean free path limit
requires more study. This model has since been used
to corroborate the design of the additional hardware
planned for installation in the private flux region
and the inner wall of DIII-D, which began in August
1999.
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