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Intensity of a source of atomic hydrogen based on a hot capillary

K. G. Tschersicha)

Institut für Grenzflächenforschung und Vakuumphysik, Forschungszentrum Jülich, D-52425 Jülich, Germany

~Received 21 September 1999; accepted for publication 3 November 1999!

A source of atomic hydrogen incorporating a hot capillary was fabricated and investigated. The

absolute and angularly resolved intensity of atomic hydrogen is derived from three experimentally

determined quantities: ~1! the flow rate of the hydrogen feed gas, ~2! the degree of dissociation, and
~3! the angular distribution of the emitted hydrogen atoms. The measurement of quantities ~1! and
~2! is reported here, quantity ~3! has been investigated previously. The intensity of atomic hydrogen
depends on the temperature of the capillary and the gas flow rate. At a temperature of 2600 K and

a flow rate of 831023mbar l /s the center-line intensity is about 431017atoms/sr s. This is about

four times the center-line intensity from a thin-walled aperture subjected to the same total flux. The

enhancement is due to beam formation by the capillary and is even more pronounced at lower flow

rates. © 2000 American Institute of Physics. @S0021-8979~00!03404-6#

I. INTRODUCTION

Atomic hydrogen is of considerable interest in semicon-

ductor materials science and technology.1–3 In experimental

work, atomic hydrogen is most often produced by thermal

dissociation or in a plasma generated by radio-frequency ra-

diation, microwave radiation, by electron cyclotron reso-

nance, or by an arc discharge. We restrict ourselves here to

sources equipped with some kind of opening from which the

atomic hydrogen emanates. The hot filament type of source

run in an ambient hydrogen atmosphere is not considered

here.

Examining experimental papers one rarely finds the ex-

posure to atomic hydrogen quantified by the flux density.

Exposures are often characterized instead by the time of the

exposure, by the number of Langmuirs quantifying the coin-

cident exposure to molecular hydrogen, or by the electrical

power sustaining a plasma. This illustrates the shortage of

quantitative data on atomic hydrogen sources.

Absolute measurements of the intensity of atomic hydro-

gen sources can proceed along two different routes. In the

first, an action of the atomic hydrogen is recorded. Sutoh

et al.4 measured the temperature increase of a platinum wire

detector exposed to a thermal source constructed in-house5

as well as a commercial thermal source.6 The temperature

increase was converted into a flux of atomic hydrogen via

the heat of recombination. This conversion has to incorporate

the coefficients of recombination as well as of

accommodation.7 Samano et al.8 measured the temperature

increase of a calorimetric sensor in order to determine the

flux from an arc-based source. In addition to the heat of

recombination they also considered the kinetic energy trans-

ferred to the sensor by the hyperthermal hydrogen atoms.

Horn-von Hoegen and Golla9 observed the transformation of

the Si(737) reconstruction towards the Si(131) structure

and deduced the flux density from the time constant of this

transformation. All these methods rely on detailed knowl-

edge of the action of atomic hydrogen and of the respective

coefficients that enter into the conversion of the signal into a

flux of atomic hydrogen.

The second and alternative route to absolute intensity

data requires the simultaneous determination of three quan-

tities: the flow rate of hydrogen gas to the source, the degree

of dissociation in the source, and the angular distribution of

the hydrogen atoms emanating from the source. Flow rate

and degree of dissociation combine to give the total flux of

atomic hydrogen. The angular distribution determines how

much of that total flux is contained in a specific solid angle,

e.g., in the one subtended by the surface of a sample to be

exposed to atomic hydrogen.

Several authors measured the drop of the H2 signal of a

quadrupole mass analyzer ~QMA! induced by starting a

radio-frequency source,10,11 a microwave source,11–13 or a

thermal source.14 From the drop of the H2 signal they deter-

mined the fraction of dissociated hydrogen and ~expect for

Ref. 14!. The total flux of atomic hydrogen. Fite et al.15 de-

rived the fraction of dissociation from the currents of atomic

and molecular ions produced by electron impact and from

the known ratio of the respective cross sections. The disso-

ciation fraction was furthermore determined by inelastic

electron scattering.16,17

Van Zyl and Gealy18 fabricated and characterized a ther-

mal source, the essential part of which was a hot capillary.

By means of a differentially pumped QMA they measured

the dissociation fraction and also reported the angular distri-

bution of molecular hydrogen which was measured by piv-

oting the source about its opening.

A similar source was constructed by Bischler and

Bertel19 and quite recently characterized by Eibl et al.20 The

degree of dissociation was investigated by thermal desorp-

tion spectroscopy, resonantly enhanced multiphoton ioniza-

tion, and the pressure drop method dating back to

Langmuir.21 The last method was reported to provide the

highest accuracy. The authors concluded that the condition

of Knudsen effusion does not hold at the exit of the capillary.

a!Author to whom correspondence should be addressed; electronic mail:

k.g.tschersich@fz-juelich.de

JOURNAL OF APPLIED PHYSICS VOLUME 87, NUMBER 5 1 MARCH 2000

25650021-8979/2000/87(5)/2565/9/$17.00 © 2000 American Institute of Physics



This had been assumed earlier in an attempt to estimate the

degree of dissociation.19 The angular distribution of hydro-

gen molecules and atoms was investigated by Monte Carlo

simulations which, in the case of hydrogen atoms, predicted

an intensity dip on the capillary axis. Measurements of the

angular distribution were made by adsorption of the hydro-

gen atoms on a gold foil and subsequent thermal desorption

spectroscopy. The predicted dip could not be verified, which

was attributed mainly to the moderate angular resolution de-

termined by the size of the gold foil.20

None of the above-mentioned second route experiments

provides the intensity of the respective source. Most often

the intensity was simply inaccessible because the angular

distribution was not investigated. It is the aim of the present

article to pursue the second route up to the absolute intensity

of atomic hydrogen.

In a previous article22 we described our source of atomic

hydrogen which incorporates a hot capillary. We measured

the angular distribution of the emitted hydrogen atoms by

means of a QMA and considered the theory of beam forma-

tion due to molecular flow in the capillary. An analytic ex-

pression for the angular distribution of the atoms was derived

and was used to fit the experimental data.

The present supplementary article reports on measure-

ments of the flow rate of hydrogen gas to the source and of

the degree of dissociation of the hydrogen emanating from

the source. The result of the previous article is then included

to evaluate the intensity. A particular feature of this proce-

dure is that only the flow rate of hydrogen gas is determined

in absolute numbers. The degree of dissociation and the an-

gular distribution are measured as relative quantities. These

three quantities will be treated in Sec. III A, III B, and III C

and the performance of the source will be subsequently dis-

cussed.

II. EXPERIMENTAL SETUP

The source is described in our previous article22 and

shown schematically in Fig. 1. Its core is a tungsten capillary

which is heated by electron impact and surrounded by radia-

tion shields. The capillary is fitted into a water cooled socket

to which a gas feed line is attached. The temperature of the

capillary orifice is measured by a disappearing filament op-

tical pyrometer focused at the front end of the capillary. The

reading of the pyrometer is corrected for the absorption of a

glass window and the emissivity of tungsten.23,24 The mea-

sured temperature is estimated to be valid along about 30

mm of the capillary up to its orifice22 and is termed the

nominal temperature of the capillary.

In addition to the capillary temperature, the flow rate of

hydrogen gas to the source was intended to be a parameter of

the measurements. The lower flow rates applied in this ex-

periment are too small to be handled by a mass flow control-

ler. We therefore use a leak valve for flow control and adjust

and measure the pressure in the gas feed line to the source.

The higher feeding pressures are measured with a capaci-

tance manometer and the lower ones with a spinning rotor

gauge. The flow rate can be evaluated as the product of the

feeding pressure and the flow conductance of the capillary.

The latter is determined experimentally, which will be de-

scribed in more detail below.

The degree of dissociation and the angular distribution

of the hydrogen atoms are evaluated from the ion currents of

a QMA as recorded with a Faraday cup at mass units 1 and 2.

The QMA ~Balzers, QMA 125! comprises an axial beam ion
source, a 100-mm-rod system, and the Faraday cup. It is

suspended from a combined linear and rotary feedthrough

and can be translated and rotated as sketched in Fig. 2. The

QMA is differentially pumped to reduce the background

pressure. Nevertheless, the residual molecular hydrogen in

the QMA chamber and also the molecular hydrogen effusing

at lower temperatures from the capillary noticeably contrib-

ute to the signal at mass unit 1 by cracking. The cracking

factor is determined by shifting the QMA into the shadow of

the differential pumping wall where the signal at mass unit 1

solely originates from the cracking of molecular hydrogen in

the ionizer. The respective H1 to H2 signal ratio is the crack-

ing factor. When the QMA is exposed to the beam the H2
signal is multiplied by the cracking factor to obtain the back-

ground, which has to be subtracted from the measured H1
signal to obtain the proper atomic beam H1 signal.

The degree of dissociation is derived from the depen-

dence of the beam H1 signal on the capillary temperature.

The angular distribution is measured by rotating the QMA

around the capillary orifice up to 15°. The angular distribu-

tion data and their analytical treatment were dealt with in our

previous article.22

The angular resolution is limited by the ionizer of the

QMA. From the variation of the beam signal in the shadow

FIG. 1. Source of atomic hydrogen incorporating a capillary held by a

water-cooled socket. The free end of the capillary is heated by electron

impact and surrounded by radiation shields. Condenser plates at the front

end of the source eliminate escaping electrons.

FIG. 2. Schematic arrangement of the quadrupole mass analyzer ~QMA!. It
is translated vertically to measure the cracking factor and rotated horizon-

tally to measure the angular distribution.
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of a nonpermanent aperture ~not shown in Fig. 2! we esti-
mate the cross section of the effective ionizing volume to be

a circle 2.4 mm in diameter. This volume is located around

70 mm away from the capillary orifice as we judge from the

geometry of the ionizer and the applied potentials. ~This
measure is felt to be more useful than the location of the

ionizer center noted in our previous article.22! The diameter
of the effective cross section corresponds to a plane angle of

2° as seen from the orifice and the respective area to a solid

angle of around 131023 sr. For comparison, the gold foil of

Eibl et al.20 covers around 8° and 2031023 sr, respectively.

III. EXPERIMENTAL RESULTS AND FORMALISM
FOR THE EVALUATION OF THE INTENSITY

A. Gas flow rate

The flow rate Q̇ of hydrogen gas to the source can be

expressed in terms of the feeding pressure p and the flow

conductance C of the capillary. The conductance of the gas

feed line between the leak valve and the capillary is much

larger than that of the capillary. The pressure in the gas line

is accordingly assumed to be uniform. If the pressure of the

chamber into which the gas emanates is low as compared

with the feeding pressure, the flow rate is given by

Q̇5Cp . ~1!

The feeding pressure p is measured, whereas the flow

conductance C has to be determined separately. This can be

performed by a transient flow experiment, i.e., by draining a

vessel of known volume through the capillary and measuring

the rate of the pressure change in the vessel. Closing the leak

valve establishes a vessel of a defined volume Vm compris-

ing the manifold between the leak valve and the capillary.

This volume, however, cannot be easily determined due to its

complexity. Therefore, an additional vessel of known vol-

ume Va is attached to the gas feed manifold via a valve as

shown schematically in Fig. 3. With the additional vessel

valved off or on we open the leak valve until a stationary

flow is obtained, whereupon we close the leak valve and

monitor the decreasing pressures pm(t) and pma(t), respec-

tively, as a function of time. The rates of change of the

momentary amounts of gas in the volumes Vm and Vm1Va
are, respectively,

Vm ṗm52Cpm , ~2a!

~Vm1Va! ṗma52Cpma . ~2b!

Since, in general, the conductance is a function of the

pressure, C5C(p), we consider ṗm(p) and ṗma(p) as func-

tions of the pressure pm5pma5p . By eliminating Vm from

Eqs. ~2a! and ~2b! we obtain the conductance of the capillary
~note that Vm,Vm1Va and therefore ṗm, ṗma,0)

C~p !5

Va

p
S 1

ṗm~p !
2

1

ṗma~p !
D

21

. ~3!

The conductance measured as described above is termed Cg
for reasons given below and is shown in Fig. 4 for different

capillary temperatures, i.e., for room temperature, for a lower

operating temperature of 2070 K, and for the highest tem-

perature of 2600 K. Pressures below 0.001 mbar are mea-

sured by the spinning rotor gauge and the higher pressures

by the capacitance manometer. There is a gap in the experi-

mental data between 0.001 and 0.004 mbar and an increased

scatter of the capacitance manometer data at the low end of

their range where, however, the variation of conductance

with pressure is small. At low pressures the conductance is

independent of the pressure, which is indicative of molecular

flow in the capillary, and the variation with temperature is

small. At high pressures the low and high temperature

branches behave qualitatively differently. The room tempera-

ture branch increases steeply at pressures above 1 mbar sig-

nifying viscous flow, whereas the high temperature branches

decline with increasing pressure.

To explain at least qualitatively the dependence of the

conductance on pressure and temperature we refer to the

Knudsen formula,25,26 which describes the conductance in

the pressure range considered here by

C5

p

8

R4

L

p̄

h
1Z
2p

3

R3

L
c̄ , ~4!

with

Z5

112y

112.47y

FIG. 3. Schematic drawing of the gas feed to the capillary.

FIG. 4. The flow conductance of the capillary as measured at room tem-

perature and at two elevated temperatures. The dotted line is the conduc-

tance as calculated by the Knudsen formula, Eq. ~4!, for the capillary at
room temperature.
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and

y5A8

p
R
p̄

c̄h
,

where R50.5mm is the inner radius of the capillary, L

564mm is its length, h is the viscosity of the gas, p̄ the
mean pressure in the capillary, and c̄ the mean thermal speed

of the gas molecules.

The conductance at room temperature, TR5295K,

where the viscosity is h588.731026 g/cm s ~Ref. 27!, is
calculated by Eq. ~4! and shown by the dotted line in Fig. 4.
The calculated conductance matches the experimental data

rather well. If the experimental data were used to determine

an effective inner radius of the capillary from Eq. ~4!, the
lower pressure branch would give a radius 2% smaller and

the higher pressure branch a radius 2% larger than the nomi-

nal radius of 0.5 mm.

The Knudsen formula cannot be strictly applied to the

hot capillary because the temperature is not homogeneous

but varies from near room temperature at the water-cooled

socket to temperatures above 2000 K near the orifice. Fur-

thermore, the particle flow is not constant along the capillary

if dissociation occurs. To make at least a qualitative use of

the Knudsen formula the hot capillary may be approached by

a model capillary characterized by a homogeneous tempera-

ture and the absence of dissociation. Varying the temperature

of this model capillary from room temperature to higher tem-

peratures and taking the pressure jump at its entrance due to

thermal transpiration28 into account, we find the conductance

to be invariant at low pressures and to decrease at high pres-

sures. The latter is due to the increase of the viscosity with

temperature. These results explain the experimental data

qualitatively but not quantitatively. A rigorous calculation

has to include the temperature variation along the capillary

as well as dissociation. This, however, is outside the scope of

the present article.

From the experimental data of the capillary conductance

and the feeding pressure the gas flow rate can now be deter-

mined by Eq. ~1!. To evaluate the flow of molecules Ṅ from
this one has to pay attention to the gas temperature. It is

advantageous that both our gauges are ‘‘cold’’ and do not

influence the gas temperature, which is accordingly equal to

the room temperature TR . To be specific we henceforth write

pg , Q̇g , Cg , and Ṅg , where the index g refers to the gauges.

When the source is running continuously and the flow is

stationary, the flow rate is Q̇g5V̇gpg , where V̇g5Cg is the

volumetric flow past the gauges @cf. Eq. ~1!#. Finally, we
obtain the number of hydrogen molecules passing the gauges

at unit time Ṅg from the relation Ṅg5ngV̇g and the ideal gas

law pg5ngkTR,

Ṅg5
pgCg

kTR
, ~5!

where ng is the number density of the gas at the position of

the gauges and k is the Boltzmann constant.

B. Degree of dissociation

The higher the temperature of the capillary the greater

should be the portion of the hydrogen gas which dissociates.

A quantitative description of this dependence will be given

in this section. To monitor the degree of dissociation the

feeding pressure pg remains constant and the QMA ion cur-

rents at mass units 1 and 2 are measured on the capillary axis

as well as in the wall shadow for varying temperatures. Sub-

tracting the background from the on-axis H1 signal as de-

scribed in Sec. II we obtain the on-axis beam signal I0 .

Beam signals measured at different capillary tempera-

tures have to be corrected for the velocity of the hydrogen

atoms, which determines the time the atoms spend in the ion

source of the QMA and consequently the probability of their

ionization.29 This is accounted for by multiplying the beam

signal I0 by the factor AT/TR, which is the ratio of the mean
velocities at T and TR . The velocity-corrected beam signal is

denoted I0c . It is proportional to the center-line intensity of

the atomic hydrogen beam.

Figure 5 shows the signals I0c for different feeding pres-

sures. The signals tend to saturate at high temperatures and

are accordingly normalized to the saturation value. The fit-

ting solid lines will be treated below. The data show a rather

sensitive dependence on the capillary temperature and a

weak dependence on the pressure, which is similar to the

dependence of the degree of equilibrium dissociation on gas

temperature and pressure.

However, the data cannot be directly identified with the

degree of equilibrium dissociation in the source. To apply

the theory of equilibrium dissociation we will now consider a

simplified model of the capillary intended to represent the

capillary with respect to the dissociation processes involved.

Not far from the orifice, we insert into the capillary a virtual

chamber which is at the nominal temperature of the capillary

and where the gas is in thermal equilibrium with the chamber

walls. The part of the capillary between this chamber and the

orifice is assumed not to contribute to dissociation and mo-

lecular flow is presumed in this part of the capillary.

The degree of equilibrium dissociation a in the virtual
chamber is defined by the particle densities of hydrogen at-

oms and molecules n1 and n2 , respectively, via

FIG. 5. The signal of atomic hydrogen as measured on the axis of the

capillary at various capillary temperatures. The signal is corrected for the

varying velocity of the atoms and normalized. The solid lines are calculated

by an equilibrium model @Eqs. ~12!, ~7!, and ~8!#.
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a[
n1

n112n2
. ~6!

It is a function of the temperature T and pressure pequ in the

virtual chamber according to

a5A K p

4
pequ

p0
1K p

, ~7!

where pequ5p11p2 is the total pressure and p1 and p2 are

the partial pressures of atoms and molecules, respectively.30

The equilibrium constant K p is defined by K p[p1
2/(p2•p

0)

(p051 bar),31 and depends solely on the temperature. It is

tabulated32 and can, in the temperature range of interest, be

calculated from the fit function

logK p56.3042
23 760K

T
. ~8!

The fluxes of atoms and molecules leaving the capillary,

Ṅ1 and Ṅ2 , respectively, are related to the molecule flux Ṅg
passing the gauges by the mass conservation law

2Ṅg5Ṅ112Ṅ2 . ~9!

To relate the fluxes Ṅ1 and Ṅ2 out of the capillary to the

densities n1 and n2 in the virtual chamber we consider the

molecular flow from the virtual chamber through the down-

stream capillary section. The particle fluxes passing this cap-

illary section are

Ṅ i5~ 14 n ic̄ i!•FW , ~ i51,2!, ~10!

where c̄ i is the mean thermal velocity in the virtual chamber

and the term in parentheses is the thermal flux density onto

the entrance of the capillary section whose cross section is F.

W is the probability of a gas particle passing the section and

leaving the capillary. W is independent of the type of gas if

the scattering of the gas particles at the capillary wall is free

of a specular component as is commonly assumed in the

theory of molecular flow.33

Using n2 as derived from Eq. ~6! and inserting Eq. ~10!
for i52 into Eq. ~9! we obtain

2Ṅg5Ṅ11
1

2

12a

2a
n1c̄2FW5Ṅ11

12a

a

ċ2

ċ1
Ṅ1 ,

which yields

Ṅ152Ṅg
&a

12a1&a
. ~11!

where we made use of c̄1 / c̄25& . Equation ~11! relates the
total flux of atomic hydrogen emitted from the source to the

flux of hydrogen molecules entering the source and the de-

gree of dissociation in the virtual chamber.

The temperature dependence of the velocity-corrected

beam signal I0c is derived from Eqs. ~11! and ~5! as follows.
As stated above, I0c is proportional to the center-line inten-

sity of the atomic hydrogen beam. This intensity is propor-

tional to the total flux Ṅ1 provided that the angular distribu-

tion does not vary in the temperature range of interest, i.e.,

from 1800 to 2600 K. We have no experimental data on this

matter since we measured the angular distribution at 2600 K

only.22 For simplicity we assume the angular distribution to

be independent of the temperature. In this approximation, I0c

is proportional to the total flux Ṅ1 and has the temperature

dependence included in Eq. ~11!. The factor Ṅg in Eq. ~11!
was determined in the former section and found to be depen-

dent on pg and Cg @Eq. ~5!#. Since pg remains constant and

Cg hardly varies with temperature ~Fig. 4! Ṅg can be as-
sumed to be constant for every data set of Fig. 5. Conse-

quently, I0c is proportional to the fractional term in Eq. ~11!,
which increases from 0 to 1 when a is varied from 0 to 1.
Since I0c as plotted in Fig. 5 is also normalized to unity we

have explicitly

I0c ,normalized5
&a

12a1&a
. ~12!

The solid lines in Fig. 5 are calculated from this equation and

from the expression for a given by Eqs. ~7! and ~8!. In Eq.
~7! a proper pequ was chosen for every feeding pressure pg to
fit the experimental data. More precisely, two parameters

were varied in the same fitting process, i.e., the saturation

QMA signal to which the signal I0c has been normalized and

the pressure pequ . Varying the first parameter stretches the

data along the y axis, varying the second shifts the fitting

lines along the x axis.

With the present model of equilibrium dissociation, a

satisfying description of the experimental data has been ob-

tained. For a constant feeding pressure the variation of the

dissociation efficiency with temperature is described by a

single parameter. Values of this parameter pequ are given in

Table I. Knowing pequ we can calculate a from Eqs. ~7! and
~8! and obtain the total flux N1 of atomic hydrogen by Eq.
~11!.

C. Angular distribution

The third quantity needed to evaluate the intensity of the

source is the angular distribution of the hydrogen atoms. De-

noting the polar angle with respect to the capillary axis by q
and the differential solid angle with respect to the orifice

center by dv , the angularly resolved distribution of atomic
hydrogen J(q) in units of atoms/sr s can be written as the
product of the center-line intensity J0 given in atoms/sr s and

the dimensionless normalized angular distribution j(q)

J~q !dv5J0 j~q !dv . ~13!

Note that j(0)51. In our previous article22 we reported data

on the normalized angular distribution of the source mea-

sured for the same feeding pressures as applied in the present

dissociation measurements. The experimental distributions

were described by an analytic expression j(q). Combining
Eqs. ~2!,34 ~3!, ~4!, ~6!, and ~7! from that work we obtain
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j~q !5U~b !cosq1

4

3p
S 12

1

2leff11
D 1
leff

@12V~b !#

3

cos2 q

sinq
1

1

2leff11
@12U~b !#cosq

5HU~b !1

1

2leff11
F 8
3p

12V~b !

tgq

112U~b !G J cosq ~14!

with

H U~b !5

~2b2sin 2b !

p
, V~b !5sin3b , for q,arctg

1

leff

U~b !5V~b !50, for q>arctg
1

leff
,

where b5b(q) is defined by cosb5leff tgq . The parameter
leff is the only fitting parameter. It depends on the feeding

pressure. In our theoretical model of the beam formation in

the capillary, leff is the effective length of transparent flow

divided by the capillary diameter.

We now benefit from the former derivation of an ana-

lytic expression for j(q), which makes it feasible to extrapo-
late the measured angular distribution and to integrate j(q)
over the hemisphere into which hydrogen atoms are emitted.

This integral is denoted by V,

V[E
2p
j~q !dv . ~15!

The unit of V is sr and the integral can be evaluated numeri-
cally or using a formula given by Zugenmaier.35 Since

*2pJ(q)dv5Ṅ1 we obtain by integration of Eq. ~13!:

J05
Ṅ1

V
. ~16!

Finally, we obtain from Eqs. ~13! and ~16! and by substitut-

ing Ṅ1 from Eqs. ~11! and ~5!

J~q !dv5

pgCg

kTR
S 2 &a

12a1&a
D j~q !

V
dv . ~17!

Equation ~17! is written as the product of three specific
factors which reflect the present route to the determination of

the intensity of the source. The first factor is the rate at which

hydrogen molecules enter the source. It is here evaluated

from the feeding pressure and the conductance of the capil-

lary. The second factor describes the efficiency of dissocia-

tion in the source and includes an apparent degree of disso-

ciation a which can be calculated from the capillary

temperature and the experimental parameter pequ . The maxi-

mum value of the second factor is 2 corresponding to two

atoms per molecule. The third factor specifies the angular

distribution of the atoms leaving the source. It can be calcu-

lated from an analytic expression involving the experimental

parameter leff .

IV. EVALUATION OF THE INTENSITY AND THE
PERFORMANCE OF THE SOURCE

So far the raw data and the formalism for the evaluation

of the intensity have been presented. In this section we will

use the relations derived above to enumerate the characteris-

tic parameters of the source, which are summarized in Table

I. All the data in Table I depend on the feeding pressure pg
and are arranged accordingly. Except for the experimental

parameters pequ and leff , all the data depend furthermore on

the temperature and are given for T52600K. We will dis-

cuss the data of Table I by column.

The flow conductance Cg of the capillary is taken from

Fig. 4. The gas flow Q̇g is simply the product of Cg and pg ,

see Eq. ~1!. If the source is operated in a vacuum system with

known pumping speed for hydrogen, the gas flow Q̇g can

also be evaluated as the product of the pumping speed and

the pressure in the system provided there is no other source

or sink of hydrogen. The number Ṅg of hydrogen molecules

passing the gauges at unit time results from Eq. ~5! with

TR5295K. Like the gas flow Q̇g , this number is almost

proportional to the feeding pressure pg , since the conduc-

tance Cg varies only moderately with pg .

The fitting parameter pequ determines the degree of dis-

sociation at a given temperature. Note that pequ is greater

than pg in the first two rows of Table I. At first sight, this

seems to be inconsistent with the assumption of a virtual

chamber at pressure pequ somewhere along the capillary.

However, at molecular flow the pressure in the capillary de-

TABLE I. Parameters characterizing the source of atomic hydrogen when operated at 2600 K.

Feeding

pressure

pg
~mbar!

Conductance

Cg
~cm3/s!

Gas flow

rate Q̇g
~mbar l /s!

Mass flow

rate Ṅg
~molecules/s!

Virtual

equilibrium

pressure pequ
~mbar!

Degree of

dissociation

a

Total flux

of

H atoms

Ṅ1
~atoms/s!

Effective

length

of

transparent

flow

leff

Integral

of

angular

distribution V

~sr!

On-axis

intensitya

of

H atoms

J0
~atoms/s sr!

Flux densitya

of H atoms

on a

sample

at d58 cm

w0
~atoms/cm2 s!

0.0047 7.7 3.6231025 8.8931014 0.014 0.981 1.7531015 13 0.267 6.5731015 1.031014

0.02 7.5 1.5031024 3.6831015 0.03 0.961 7.1731015 11.4 0.302 2.3731016 3.731014

0.26 6.5 1.6931023 4.1531016 0.08 0.906 7.7331016 7 0.474 1.6331017 2.631015

1.4 5.5 7.7031023 1.8931017 0.16 0.834 3.3231017 3.8 0.805 4.1231017 6.431015

aIntensity dip on the axis at low pressures not included.
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pends strongly on the temperature due to thermal

transpiration.28 Along a certain part of the capillary adjacent

to the socket where the temperature rises steeply with dis-

tance from the socket, the pressure can be significantly

higher than pg .

The degree of dissociation a can be calculated from pequ
by Eqs. ~7! and ~8! and is plotted in Fig. 6. The curves are
similar in shape to, but not identical with, those of Fig. 5.

Values of a for T52600K are given in Table I. At this

temperature the degree of dissociation is close to 100% at the

lowest feeding pressure and still higher than 80% at the high-

est pressure. The number of hydrogen atoms Ṅ1 leaving the

capillary per unit time can now be calculated by Eq. ~11!.

These numbers are almost twice the number Ṅg of passing

molecules since the degree of dissociation is high.

The fitting parameter leff determines the normalized an-

gular distribution which is described by Eq. ~14! and is nar-
rower the greater leff is.

22 Numerical values of leff were re-

ported in our previous article.22 However, further

measurements after improving the differential pumping of

the QMA revealed that the intensity dip on the axis, which

we clearly resolved only for the lowest feeding pressure,22

also occurs at higher pressures although it is less pro-

nounced. We therefore reconsidered the fit of the experimen-

tal data for the two lowest pressures and obtained the some-

what larger values of leff listed in Table I.

A comment on the dip is appropriate here. It was first

reported by Van Zyl and Gealy18 and its origin was clearly

illustrated by the Monte Carlo simulations of Eibl et al.20

The dip is due to the limited length of the hot section of the

capillary. Since the hot section in Bischler and Bertel’s

source is shorter than in ours, the reduced lengths ~length
divided by diameter! being around 8 and 30, respectively, the
intensity dip of that source should accordingly be more pro-

nounced. The fact that Eibl et al.20 did not observe a dip in

their measurements with Bischler and Bertel’s source can

only be attributed to their moderate angular resolution men-

tioned above.

Since the inner diameter of the capillary is 1 mm, leff can

also be read as the effective length of transparent flow in

units of mm. It is plausible that the transparent flow is more

extended the lower the feeding pressure pg is. A quantitative

investigation of this dependence, however, would require a

calculation of the pressure profile along the capillary, which

is hampered by the variation of the temperature and by the

event of dissociation.

With respect to Eq. ~16!, V can be thought of as the solid
angle which would contain the total flux if the intensity were

isotropic in that solid angle and equal to the center-line in-

tensity J0 . V is obviously a measure of the width of the
angular distribution. By means of V we can evaluate the
enhancement F of the center-line intensity of the source as

contrasted with that of a thin-walled aperture. For the aper-

ture we have Japerture(q)5J0,aperture•cos(q) and Vaperture
5p sr. Assuming the same total flux Ṅ1 is emitted from both
the capillary and the aperture we obtain from Eq. ~16!

F5

J0,capilary

J0,aperture
5

p sr

V
. ~18!

Figure 7 illustrates the enhancement and shows the angular

intensity distribution in a polar plot. The distributions for the

different feed pressures are calculated by Eqs. ~14! and ~18!
with V and leff as given in Table I. According to Eq. ~18!
each distribution is normalized to the on-axis intensity of a

thin-walled aperture passed by the same total flux. This nor-

malization makes the distribution of the aperture a circle of

unit diameter irrespective of the total flux. The distributions

of the capillary are markedly elongated. The height as read

on the vertical scale is the enhancement factor F. These dis-

tributions illustrate the beam formation by molecular flow in

the capillary, which is treated in our previous article.22

The on-axis intensity J0 as evaluated by Eq. ~16! is plot-
ted in Fig. 8~a!. If the intensity were proportional to the
pressure pg it would run along the dotted line. In order to

visualize the reason for the slower rise we combine Eqs. ~16!
and ~11! to obtain

FIG. 6. The degree of dissociation a as calculated by Eqs. ~7! and ~8! for the

equilibrium pressures pequ indicated in the figure. The lines are similar to

those of Fig. 5 but not identical.

FIG. 7. Polar plot of the angular distribution of atomic hydrogen emitted

from the capillary at a temperature of 2600 K at different feeding pressures

pg . The distributions are scaled in such a way as to superimpose the cosine

distributions of thin-walled apertures passed by the same total flux. This

normalization makes all the cosine distributions coincide with the circle at

the bottom. The intensity dip on the axis at low pressures is not included.

The figure elucidates the beam formation by the capillary.
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J052Ṅg
d

V
, ~19!

with

d5

&a

12a1&a
.

The factor Ṅg is almost proportional to pg as mentioned

above. The quantities d and V reflect the degree of dissocia-
tion and the width of the angular distribution, respectively,

and are plotted in Fig. 8~b!. They both contribute to the
slower rise of the intensity at higher feeding pressures but the

variation of V is much stronger than that of d. Accordingly,
the deterioration of the intensity is mainly due to the less

efficient beam formation at higher pressures.

The final and for the user most illustrative feature of the

source is the flux density w on a sample to be exposed to
atomic hydrogen. The flux density w0 on a sample positioned
on the capillary axis at distance d from the end of the capil-

lary is simply

w05
J0sr

d2
. ~20!

The flux density w0 is proportional to J0 and values for d
58 cm are listed in Table I. The flux densities w0 range up
to well above a monolayer per second. The data in Table I do

not consider the intensity dip on the axis at low feeding

pressures. Taking this dip into account w0 is reduced by
factor of 0.7 and 0.84 at pg50.0047 and 0.02 mbar,

respectively.

Knowing the flux density, we can then evaluate the sen-

sitivity of the QMA. Although this sensitivity is specific to

the present apparatus its evaluation can serve as a check on

the internal consistency of the data. We collected data on the

angular distribution at 2600 K and data on the degree of

dissociation measured at varying temperatures. How can the

sensitivity of the QMA be consistently defined? In the case

of the former data the sensitivity is appropriately defined as

the ratio of the beam signal I0 at q50 and the center-line

intensity J0 , where I0 is measured in A and J0 in atoms/sr s.

This ratio is the sensitivity of the QMA for hydrogen atoms

of a velocity corresponding to 2600 K. We denote this sen-

sitivity by S2600 . Reducing the velocity without altering the

intensity would increase the QMA signal due to the longer

time the atoms spend in the ion source. This is accounted for

by the relation

I0~T !5S2600A2600KT J0~T !, ~21!

where I0 and J0 may now be determined at any temperature

T. The dissociation data for a given pressure pg are accord-

ingly evaluated by calculating J0(T) from the data in Table I

and fitting the experimental data I0(T) by Eq. ~21! using
S2600 as the fitting parameter. @Note that I0(T) represents the
signal of the beam which is not yet velocity corrected, cf.

Sec. III B# From each of the four different angular distribu-
tions and the four sets of dissociation data we obtain a value

of the sensitivity S2600 . The mean of these eight numbers is

S̄26005(2.0860.06)310
228A/atoms/sr s. The standard error

of the mean is only 3%, which gives some confidence in the

accuracy of the data and their evaluation.

V. SUMMARY

A source of atomic hydrogen based on a hot capillary is

investigated. Quantification of the intensity is achieved by

measuring the flow rate of the hydrogen feed gas in absolute

numbers and by measuring the degree of dissociation and the

angular distribution of the hydrogen atoms in relative num-

bers. The flow rate is determined via the measurement of the

conductance of the capillary, which is evaluated from a pres-

sure measurement and which at operating temperature is sig-

nificantly different from that at room temperature. The de-

gree of dissociation is derived from the signal of a

quadrupole mass analyzer tuned to mass 1 and 2 and depends

strongly on the temperature of the capillary. The experimen-

tal result is modeled assuming equilibrium dissociation and

adopting a virtual equilibrium pressure. The measurement

and analytic description of the normalized angular distribu-

tion was treated in a former article. The analytic description

is used here to determine the integral of the normalized an-

gular distribution, which enables the total flux and finally the

angularly resolved intensity distribution to be evaluated. Due

to beam formation in the capillary the center-line intensity is

higher than that of a thin-walled aperture passed by the same

total flux. The enhancement is about 12 at the lowest gas

feed pressure of 4.731023 mbar and still about 4 at a pres-

FIG. 8. ~a! The on-axis flux density J0 of atomic hydrogen as a function of

the feeding pressure pg . The dotted line represents a linear increase of J0
with pg . The deviation of the experimental data from linearity originates

from the variation of the flow conductance and the two factors plotted in ~b!,
where d is a measure of the degree of dissociation and V a measure of the
angular distribution, cf. Eq. ~19!.
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sure of 1.4 mbar. At this feeding pressure the flux density on

a sample positioned 8 cm away from the capillary exit is

about 631015 atoms/cm2 s.

This flux density is determined at a capillary temperature

of 2600 K, which might be too high if the evaporation of

tungsten has to be strictly avoided. We are presently testing a

source, which is intended for somewhat lower temperatures

and incorporates resistive heating instead of electron impact

heating. This modification simplifies the design and opera-

tion of the source.
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