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Abstract

The retention of hydrogen in POCO AXF-5Q graphite has been measured at room

temperature as a function of fluence and flux for H^ ions at energies from 250 to 500 eV

provided by a glow discharge. More than 2 x 1018 H/cm2 has been retained, and no indi-

cation of saturation has been observed to a fluence of 5 x 1010 H/cm2. In this experiment,

retention was found to increase linearly with fluence for constant flux. A flux dependence

was observed; that is, the retention rate was observed to decrease monotonically as the

flux increased. A change-over experiment, deuterium to hydrogen, was conducted; the

results show that significant change-over occurs (i.e., about 30% change-over for a fluence

o f 5 x l O l 7 D / c m 2 ) .
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mendation, or favoring by the United States Government or any agency thereof. The views
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United States Government or any agency thereof.
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I. Introduction

The present experiment was undertaken to measure the retention of hydrogen isotopes

in POGO AXF-5Q graphite and to extend the database so that a better understanding

of the interaction of deuterium and tritium with graphite could be obtained, thereby

allowing a more reliable estimate of the tritium inventory in the Tokamak Fusion Test

Reactor (TFTR).

The interaction of hydrogen and graphite has been studied for many decades. Probably

the first notable investigation was reported by Bangham and Stafford [1] in 1925. They

observed the disappearance of hydrogen from discharge tubes in which graphite was used

as the cathode. Subsequent work performed by Montet [2] on the retention of protons

by graphite showed significant uptake, again using a discharge tube with graphite as the

cathode.

In the past several years, numerous studies on the retention of hydrogen in graphite

have been made. Many of the results have been contradictory. The observed differences

have been attributed to the state in which hydrogen was introduced (atomic or molecular,

neutral or ionized), to the grade of graphite used, and to the hydrogen detection tech-

nique [3-15]. In addition, significant differences have been observed for the temperature

dependence of the retention [2,9,13,14].

This paper presents the results of an experimental study of the retention of hydrogen

and deuterium in POCO AXF-5Q graphite near room temperature. Measurements were

performed for fluences to 5 x 1019 H/cm2, for fluxes ranging from 0.05 to 1 x 1015 H/cm2-s,

and for ion energies ranging from 125 eV/H to 250 eV/H. Retention measurements were

made for both hydrogen and deuterium, and a change-over experiment from deuterium to

hydrogen was done. A method is presented to estimate the trap density for the 4.3-eV

trap [13] based on the assumption that the trap is associated with the C-H covalent bond.

From this trap density, the maximum tritium retention for that trap can be estimated;

this estimate is considerably higher than most previous predictions for the total retention

[16-20].

II. Experimental Procedure and Results

Causey et al. [13] have described the salient features of POCO AXF-5Q graphite.

The pertinent characteristics that they give are repeated here: "BET surface area of

approximately 1 m2/g and composed of very uniform IQ-fim grains, some of which may



have agglomerated to form larger grains. The density of the material is 1.84 g/cm3." In

addition, the manufacturer gives a porosity of 19% [21J.

The graphite used for this experiment was cut from a large block [22] into plates about

3 mm thick. These plates were cut to shape and polished to remove cutting troughs and to

provide relatively smooth surfaces. The cleaning procedure [23] consisted of washing the

plates with water, acetone, and alcohol and then subjecting them to three successive ultra-

sonic cleanings. This procedure provided dust-free surfaces as determined by a cellophane

tape test. The graphite plates were annealed at 2000° C for 30 min in a flowing argon

atmosphere before the initial experiment. They were exposed to air for approximately two

days between the annealing procedure and insertion into the discharge chamber.

The retention experiments were performed in a glass bell jar system, shown schemat-

ically in Fig. 1. The system is pumped by a turbopump-forepump combination; the base

pressure after a mild bakeout at ~100°C is 5 x 10~7 torr. A residual gas analyzer (RGA)

is installed in the pump-out arm and connected to the discharge chamber with both a

relatively large valve and a variable leak. The gas inlet system consists of a manifold with

connections to H2, D2, O2, and He gas bottles; a gas reservoir; a pressure manometer; and

a pumping port connected to a mechanical pump. The manifold is connected to the bell

jar system with two valves, a relatively large valve and a variable leak. The bell jar system

has a sensitive pressure manometer to absolutely measure the pressure within the system.

The discharge chamber, which is cylindrical in shape, is made of 304 stainless steel (SS). It

is lined with a coaxiai heater on the outer surface and equipped with three CrAl thermo-

couples. The graphite plates are arranged in a hexagon inside the SS chamber. Each side

of the hexagon is approximately 15 cm high by 10 cm wide. The top and bottom are flat

plates, and the graphite mass is 664 g. The area exposed to the discharge is 1464 cm2, and

the volume available to the glow discharge is 3915 cm3. A 304 SS cylindrical anode enters

the center of the chamber through a small hole in the base. The SS anode has an active

length of 9.7 cm and an area of 29 cm2. The volume of the bell jar system is 12.62 L.

The retention experiment consists of evacuating the bell jar system, filling it with

hydrogen to a few tenths of a torr, and sealing the system from both supply and pump

manifolds. A glow discharge is initiated by applying a voltage to the anode; sometimes

a Tesla coil is required for glow initiation. The graphite cathode is grounded. Three

experimental quantities are measured: the voltage applied to the anode, the current, and

the bell jar pressure. The voltage is set by a power supply and is in the range from

300 to 550 V. The starting pressure for a particular measurement varied from 0.05 to

0.6 torr. Before the glow discharge was started, the pressure was monitored as a function

of time; pressure was observed to increase with time at the same rate as the outgassing



rate determined before each measurement. This indicated that there was no significant

hydrogen uptake due to exposure to gaseous hydrogen. The current is a function of both

voltage and pressure and varies from 5 to 150 mA. Experiments were run in two modes:

(1) constant voltage and (2) constant voltage and constant pressure (and, consequently,

constant current).

Hydrogen retention is calculated from the pressure drop observed during operation

of the glow discharge. This interpretation of the drop is justified by the results of time-

dependent measurements of pressure and gas composition before and after completion of

each implantation experiment (each discharge run). The rates of rise in pressure after

discharges were only slightly higher than those obtained before discharges; both were

in the range (1-5) x 10~E torr/min. The outgassing rate decreased with time to the

preimplantation values. The composition of the outgassing products was monitored with

the RGA and found to consist mainly of masses 28, 18, 17, 16, and 12 after discharges run

with H2 and masses 28, 20, 19, 18, 17, 16, and 12 after discharges run with D2. Based

on the observed cracking pattern, these masses are thought to derive from CO and H2O

(D2O). During some of the implant experiments, the gas composition was monitored by

the RGA; the observed changes were very small and were associated with H2O (D2O) and

CO. Based on these results, the amount of implanted hydrogen that leaves the graphite

between implantation runs is very small compared with the retained hydrogen, and most

of the hydrogen that leaves does so as H2O (D2O).

Initial retention experiments were run using mode 1. A typical "good" result is pre-

sented in Fig. 2. A "good" result is defined as one where little or no arcing occurs and

where the discharge is confined to the discharge chamber and appears to be uniform; this

aspect is discussed in detail later in the paper. The initial pressure was 0.256 torr, the

applied voltage was 400 V, and the current decreased montonically with time from 65 to

29 mA. The initial current was 65 mA but dropped to near the final current within about

30 s. As noted above, the amount of hydrogen retained is determined by the pressure drop;

the average fluence is determined from the current and the time interval. The relation-

ship between current and flux is treated in detail in Ref. [24] and for this experiment is

100 mA =s 1015 H/cm2-s, assuming that the flux is uniform. Figure 3 presents the hydro-

gen retained versus fluence for the run of Fig. 2. This curve is almost linear and gives an

average retention of 9.3%. Many similar results have been obtained for voltages ranging

from 350 to 550 V, for currents ranging from 10 to 130 mA, and for pressures ranging from

0.05 to 0.6 torr. Mode 2 was used to measure retention more accurately because reten-

tion was observed to be flux dependent and in mode 1 the flux is not constant. Similar

results for retention were obtained. The dependence of the retention rate (the ratio of the



percentage of hydrogen retained to the incident fluence) on flux was observed to decrease

as the flux ircreased, see Fig. 4. The dashed lines indicate the limits of the measured

values. In the future, experiments using a third mode, constant pressure and deliberate

voltage variation to change the current, will be carried out to determine this dependence

more accurately. All measurements to date have been performed near room temperature.

A total of 55 torr-L of hydrogen and deuterium has been retained; this is equivalent to

2 x 1018 H(D)/cm2 or 10 ppm H(D)/C.

In presenting these results, three assumptions have been made:

1. That the current per unit area, and therefore the flux to the wall, was uniform. Little

previous work has been done to substantiate this assumption but considering the nature

of the plasma and sheath, it is thought that, if nonuniformities occur, they would be

most prominent at projections into the plasma region. These have been minimized by

the method of construction. Except for one small protruding edge, no joints protruded

into the glow volume.

2. That deposits which gradually build up on an anode and its insulating glass shield do

not account for any significant amount of the total hydrogen retained. Some investiga-

tors have reported carbon debris as a major source of retention [2,15]. These deposits

will be analyzed for their hydrogen (deuterium) content.

3. That debris observed on the graphite after an initial bombardment period had negligi-

ble effect on the results. It was stated earlier that the graphite had been cleaned so that

no dust was detected on the surfaces before the experiment. However, loose particles

(thought to be carbon but not analyzed) were found when the apparatus was disassem-

bled for inspection after the initial bombardment period. These deposits are thought

to be caused by arcing. They were easily removed with a cloth wipe. The deposits

were completely removed with ultrasonic cleaning and were not observed to reoccur

after subsequent bombardment. In the present experiments, the results obtained after

midcourse cleaning were like those obtained before.

A change-over experiment was performed, also at room temperature, with graphite

that had previously retained about 1.5 x 1018 H/cm2. This experiment was run in mode 2;

the starting gas was D2, and D2 was fed in during the experiment to maintain a constant

pressure. The glass bell jar pressure was maintained near 0.175 torr, the initial amount of

D2 gas in the chamber was 2.20 torr-L, and the gas feed rate was 4.45 x 10~2 torr-L/min.

Masses 2, 3, and 4 were monitored with th* RGA by bleeding off a small amount of gas

from the glass bell jar. The results are shown in Fig. 5. The experiment was actually run

for 52 min, but only the first 35 min are shown in order to present the first few minutes

in more detail. Significant exchange, deuterium to hydrogen, was observed. There was a



30% change-over in the gas composition in 12 min, at which time the fluence was about

5 x 1017 D/cm2. The flux during this experiment remained nearly constant at about

6 x 1 0 u D/cm2-s. More change-over experiments will be done for temperatures to 200°C

and for different fluxes.

III . Discussion

The trapping of hydrogen in the near-surface region of graphite has been investigated

extensively in experimental studies (see, for example, [8,10,14]) and has been modeled using

the local mixing model [25]. The experimental observations show that implanted hydrogen

is immobile at temperatures to about 1000 K until the saturation concentration is reached.

As saturation is approached, the depth profile broadens, but only in the implant surface

direction. Near room temperature, saturation is about 0.5 H/C. Retention of implanted

hydrogen has been studied to depths slightly greater than the implantation depth as a

function of temperature and implant energy [25]. These results [25] and others confirm

this model for the surface region. For the present experiment, about 50 times the estimated

surface retention has been retained. Saturation has not been observed, an observation in

agreement with the results of Causey et al. [13].

The present results confirm the importance of retention in the bulk of the graphite.

Causey modeled his results using the DIFFUSE code, which is applicable to bulk diffusion,

and obtained a trap concentration of 1.7 x 10~s/C atom and a trap energy of 4.3 eV.

In addition, he made a rough estimate of the surface diffusion coefficient for hydrogen

on the grain surfaces and obtained D = 1,2 exp(—0.9 eV/kT) cm2/s, much larger than

previous results (5j. The present retention and change-over results can be explained by

assuming an open porosity for the graphite with a high surface diffusion coefficient at room

temperature, in agreement with the estimate of Causey et al. [13]. The trap energy of

4.3 eV found by Causey is probably associated with the C-H covalent bond. To estimate

the trap density and energy the following argument is made. Graphite is made up of

carbon atoms arranged according to a two-dimensional hexagonal pattern. The layers

of carbon atoms (i.e., the basal planes) are stacked with an abab scheme. Each carbon

atom has four valence electrons: three a electrons and one ir electron. The a electrons

form strong covalent bonds with the nearest neighbors in the plane, and the n electron is

loosely bound [26]. The planes are separated by 3.35 A, and the nearest-neighbor spacing

is 1.42 A. Each carbon \tom on the end of the plane has only two nearest-neighbor carbon

atoms, so there is an available a electron for bonding to atoms or molecules that come close

to this "active" carbon atom. For the lattice parameters given here, the number of active



carbon atoms per unit area perpendicular to the basal plane is 1.3 x 10 l9/m2 . Based on

the strength of the C-H bond in benzene, a reasonable estimate for the trapping energy of

hydrogen on the active carbon atom is 4.3 eV [27]. If one assumes that the graphite grain

in AXF-5Q graphite is cubic and that only four sides of the cube have active carbon atoms

on them, then for a 10-fj.m grain there are 5 x 109 active carbon atoms per grain, out of the

total number of carbon atoms per grain, 1014. Then, if the maximum number of trapped

hydrogen atoms per active carbon atom is one, the saturation density for hydrogen with

a trap energy of 4.3 eV is 5 x 10~5 H/C.

Additional traps with lower trap energy are probably available, so the saturation den-

sity determined above is probably a lower limit for the total saturation density. Aronowitz

and Chang [29], using calculational methods, have determined a chemisorbed site for

atomic hydrogen on the basal plane of graphite with a binding energy of 0.7 eV at an

equilibrium distance of 2.25 A above the plane. In addition, Meyer et al. reported a hy-

drogen content of 200 ppm for POCO AXF-QB [28], In addition, atomic hydrogen could

enter the grain and diffuse along planes, so that there may be a sizable solubility for hy-

drogen within each grain. It is thought that hydrogen does not readily diffuse through the

basal planes [29], but this aspect needs further investigation.

These considerations indicate a high potential for trapping of tritium in the 2 Mg of

graphite in TFTR. The saturation limit for tritium in the 4.3-eV traps is itself approxi-

mately 100 g. The actual retention will be strongly dependent on the history of tritium

exposure and plasma operating characteristics and should be considerably less for any

reasonable operation scenario.

The gas accountability in the change-over experiment is easily calculated. The results

after 30 min show D retention in an amount equivalent to 2 torr-L of D2 and H release

equivalent to 1 torr-L of H2. This quantity of H is only 2% of the total implanted hydro-

gen, and the rate at which H entered the gas phase decreased markedly after only a few

minutes, mostly due to the fact that hydrogen is lost from the gas phase because of its

reimplantation. These results suggest a technique for conditioning the graphite in fusion

devices so that a near-constant ratio of deuterium to tritium can be maintained during

a plasma discharge while minimizing the amount of tritium retained in the graphite. A

conditioning scenario might consist of glow discharge implantation of deuterium into the

graphite surface region, followed by use of this implanted deuterium as a source during a

plasma discharge. At the completion of series of discharges, a substantial fraction of the

implanted tritium could be removed by exchange with deuterium using a glow discharge,

thereby minimizing the tritium inventory in the graphite.



IV. Summary

The retention of hydrogen and deuterium in POCO AXF-5Q graphite has been mea-

sured near room temperature. The retention was observed to increase linearly with fluence

for constant flux. A flux dependence was observed: the retention rate was observed to de-

crease as the flux was increased. The present results are in basic agreement with the

previous results of Causey et al. in demonstrating that hydrogen saturation is large and

is dominated by retention in the bulk of the graphite.

The change-over experiment (D —• H) yielded significant exchange and proceeded on

a time scale that suggests that suitable conditioning of the graphite in TFTR might be

obtained by the glow discharge technique.
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Figure Captions

Fig. 1. Apparatus for measurement of hydrogen retention. Explanation of symbols and

abbreviations: ®, valve; gf, variable gas leak; IG, ionization gauge; RGA, residual

gas analyzer; SS, stainless steel; HV PS, high voltage power supply; and BAR,

sensitive pressure manometer.

Fig. 2. Pressure drop in bell jar during a glow discharge experiment versus time for an

applied voltage of 400 V and a current range of 65-25 mA.

Fig. 3. Total retained hydrogen versus hydrogen ion fluence. Data obtained from results

of measurement given in Fig. 2.

Fig. 4. Hydrogen retention versus incident hydrogen flux. The dashed lines indicate the

upper and lower bounds of the measured values.

Fig. 5. Time evolution of H2, HD, and D2 during change-over experiment. Original

composition is 100% D2. D2 gas is fed in at a rate of 4.45 x 10~2 torr-L/min to

keep the current constant.
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