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We describe a technique for producing a high-flux beam of atomic hydrogen ‘with a velocity
distribution corresponding to liquid-helium temperatures. We have studied how a gas of hydrogen
atoms (H) may be cooled to low temperatures through interaction with cold walls. The gas was
analyzed by forming an atomic beam. We obtained fluxes ¢,, ~2.4X 10'® atoms/s at T~8 K,
which corresponds to an increase in flux of low-velocity atoms by a factor of 20 over that of the
same source operated at room temperature. The degree of dissociation and the translational
temperature of the gas were determined using a quadrupole mass spectrometer and time-of-flight
techniques. A beam modulation technique adval}ta'geous for such a system is discussed and
analyzed. General design considerations for the transport and cooling of H are presented and
illustrated with examples. The methods of data analyses are discussed in detail.

PACS numbers: 07.77. + p, 41.80. — y

INTRODUCTION

In this paper we discuss a method by which atomic hy-
drogen (H), produced at room temperature, is cooled to
helium temperature through interaction with cold walls,
providing a high-flux source. Although there exists ex-
tensive literature on sources of H, only very recently have
there been any reports of sources of liquid helium tem-
perature H."** The work described here has been mo-
tivated by our endeavors to produce a stable gas of atomic
hydrogen at low temperature for studies of its predicted
properties as a weakly interacting Bose gas.* However,
the source is not limited to this type of research and
should have potential applications in many areas. As a
time and frequency standard the hydrogen maser can be
improved by low-temperature operation.*® Low velocity
H beams are required to study the well region of the
interaction potential of (for instance) the H + H, sys-
tem.” Considerable interest also exists in high-energy
physics where low-velocity atoms are of interest to im-
prove the intensity of polarized proton sources and tar-
gets.b!!

The feasibility of cooling H to helium temperatures
has been demonstrated in numerous experiments where
gaseous mixtures of H, H,, and (often) inert gases are
rapidly condensed onto a cold substrate in order to matrix
isolate the H atoms.'>'* However, these experiments yield
little information about the efficiency of the cooling pro-
cess. The present work is aimed towards the study of the
experimental conditions by which H can be cooled to low
temperatures and the efficiency of this process with re-
spect to recombination. Our experimental approach is to
run H through a short cylindrical tube of variable tem-
perature, the walls of which act as an accommodator.
The gas emerging from the accommodator forms an at-
omic beam and is analyzed using standard beam tech-
niques. In this way we determine the atomic flux, degree
of dissociation, and translational temperature of the gas.

’

The measurements also enable an estimate of the average
density of H in the accommodator. Although the paper
gives an account of these measurements, we have tried
to emphasize design and measurement technique consid-
erations, in particular the transport of a recombining gas
of hydrogen. The advantages and use of an equal seg-
mented chopper blade for time-of-flight measurements
of hydrogen, rather than the usual narrow slit chopper,
are discussed in detail. To our knowledge this technique
has not been discussed in the literature.

We have divided this paper into three main sections.
First (Sec. I) we discuss our experimental apparatus
along with design considerations; Sec. II is devoted to

the procedures employed in the measurements and the |

results are presented and discussed in Sec. III.

I. THE EXPERIMENTAL APPARATUS

A. Overview

A schematic diagram of the apparatus is given in Fig.
1. H is produced at the left in a water cooled fused-quartz
discharge tube inserted into a microwave dissociator op-
erated at 2450 MHz. The discharge pressure is adjusted
in the range 0.5-1.5 Torr using a needle valve which also
serves to limit the total flow through the system. Typi-
cally the dissociated fraction is 90%. The atoms flow
through a small orifice into a Teflon tube which serves
to guide the atoms toward a cylindrical accommodator
(4 mm inner diameter, 20 mm long) intended to cool the
H gas to liquid helium temperatures. For this purpose
a small He cryostat with vapor cooled shielding is in-
corporated in the system. The beam emerging from the
accommodator is differentially pumped in three stages
to obtain pressures on the order of 10~° Torr in the last
stage, where a quadrupole mass spectrometer is used as
a detector. The beam intensity is modulated in the second
stage using an equal segmented chopper blade. The dis-
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tance between chopper and detector (52.5 cm) enables
a time-of-flight (TOF) analysis of the beam, using a
waveform averager and a PDP/11 computer for signal
processing. Since we use an equal segmented chopper
blade, the velocity distributions are found by differen-
tiation of the detector response. The principle advantage
of this method is that one obtains a high average flux,
which enables easy alignment and continual monitoring
of the beam intensity with a lock-in amplifier. This is
particularly important with a species such as H in which
rapid beam deterioration can result in signal averaging
of a nonexistent signal and much wasted effort. A box-
car integrator was used for absolute intensity measure-
ments. For these measurements the gas handling system
included a calibrated volume of 1140 cc and an oil ma-
nometer.

B. The dissociator

Many publications concerning dissociation of hydro-
gen have appeared in the literature, discussing the spe-
cific problems associated with various techniques.'* Ther-
mal beams of hydrogen atoms are currently produced
using electrodeless discharges employing rf or microwave
power. We use a homemade reentrant cavity operated
at 2450 MHz (A = 122 mm). The cavity, shown in Fig.
2, consists of a 28-mm i.d. outer conductor (OC) of length
5\/4 ~ 153 mm and a (slightly shorter) inner conductor
(IC) of 14.8 mm o.d. A quartz discharge tube is inserted
coaxially through the IC and the discharge occurs in the
gap of approximately 3.5 mm between the end of the IC
and a cap tightly fitting over the end of the OC. The
cavity is tuned capacitively by varying the gap spacing.
For this purpose the IC can be moved relative to the OC
using a fine adjustment screw. A simple /4 finger joint'
was used to minimize electrical losses in the sliding con-
tact. The power is coupled in inductively via an N-type
connector making contact with the IC via the finger joint.
The discharge is started using a spark from a tesla coil.

1168 Rev. Sci. Instrum., Vol. 53, No. 8, August 1982

was most easily operated using a 12-mm o.d. quartz tube
which completely filled the bore of the inner conductor;
however, poor cooling inherent to this geometry caused
a high operating temperature and resulted in irreversable
deterioration of the tube after a few hours. Deteriorated
tubes invariably showed a dark deposit, sometimes ex-
hibiting a metallic appearance. The surfaces usually
could be cleaned somewhat using a strong oxidizing acid
mixture (HNO; + H,SO,). However, the only way to
completely remove the dark film was to wash the tube
in concentrated HF or NaOH for many hours after which
the film “peeled off ” but did not dissolve. Our chemical
experiences are consistent with the Auger analysis of
darkened surfaces of Pyrex dissociator envelopes ob-
tained by Ritz et al.,'s who attributed the films to deposits
of carbon in its amorphous and carbide forms and to a
lesser extent to Si;N,. Many procedures were tried to
clean the tubes but in our experience the best way to
improve the discharge in the case of deterioration was
to replace the tube.

In our present system the discharge region is cooled
from two sides, as shown in Fig. 3, using water as a
coolant, carefully shielded from the microwave by a
metal envelope. Additional cooling is obtained by blowing

0-RING TO SUPPORT TUBE ASSEMBLY
WHEEL TO TRANSLATE INNER CONDUCTOR

FINGER JOINT DISCHARGE REGION
U

.............

I

I END CAP/

\N -TYPE CONNECTOR
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F1G. 2. Microwave cavity operating at 2450 MHz. The assembly of
discharge tube and water cooling shown in Fig. 3 fits into the inner
conductor. While the inner conductor remains fixed in position with
respect to the discharge tube the outer conductor can be translated to
tune the cavity for optimum coupling.
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F1G. 3. Two examples of discharge-tube assemblies. (A) Water-cooled
system used for room-temperature dissociation. (B) Assembly where
the temperature of the outstreaming gas can be varied from 77 to 600
K by varying the temperature of a copper cold plate.

air in the gap region. Incorporation of the cooling fa-
cilities limited the size of the discharge tube to approx-
imately 6 mm outer diameter and was found to make the
tuning procedure a bit more subtile. Typically the dis-
sociator is operated at a pressure of 0.5 Torr using 25
W of microwave power; the system reliably yields a de-
gree of dissociation on the order of 90% up to a few torr.
We use standard 6 X 4-mm quartz tubing in which a
flow impedance is fused in to separate the discharge re-
gion from the transport tube which serves to guide the
atoms to the accommodator. The impedance is a 0.35-
mm orifice in a disk of 1 mm thickness sliced off from
thick-walled quartz capillary tubing. Connections to the
discharge tube are made using standard Teflon swagelock
vacuum connectors.

C. Transport of the gas

A flexible Teflon tube connects the dissociator with the
accommodator. We shall present a simple phenomeno-
logical model describing Knudsen flow of atoms through
the tube in the presence of surface recombination. The
model enables an estimate of the recombination losses.
For convenience the last two centimeters of the tube are
supposed to represent the accommodator and will be con-
sidered to be at the same temperature as the tube for our
present purpose. The model is very useful for design pur-
poses, where often only an estimate of the effect of re-
combination is required. More accurate results can be
obtained with an analysis in terms of exact integral equa-
tions.'”'® The viscous flow regime is reviewed by Wise
and Wood."® A useful formulation of the problem, in view

1169 Rev. Sci. Instrum., Vol. 53, No. 8, August 1982

of our needs, is obtained by considering a tube of length

I and radius 7 closed at the left and open at the right end

and maintained at room temperature. The tube is as-
sumed to be “long” (I > r). At the left-hand side we
introduce H through a small orifice at the rate ¢,,; the
other side is assumed to end in an ideal vacuum. In the
case of Knudsen flow we may estimate the density profile

of H along the tube as well as the degree of dissociation

of the gas leaving the tube using a diffusion model

dn(z)

¢(Z) = _7rr2DKn dz °

(1)

where ¢(z) and n(z) represent the atomic flux and density
at distance z in the tube measured from the high-pressure
end, Dy, = %rb is the atomic diffusion constant for Knud-
sen flow, and » is the average atomic velocity. The vari-
ation of ¢(z) along the tube due to recombination is
written phenomenologically as a power series in n(z):

dd) 3 2

i —arPK,n® — 2xrKg,n* — 2nrKgn. (2)
the first term describes three-body volume recombina-
tion, with rate constant K,, the two other terms arise
from surface recombination which can be first or second
order in nature, with rate constants K, and K,.2° The
surface density o is built up of two components: o = ¢,
+ 0,.. 0, is the density of atoms trapped in catalytic sites.
Below an activation temperature (which may be much

~ higher than room temperature) these sites will be con-

tinuously saturated and o, will be a constant equal to the
density of these sites. The second component, ¢,, rep-
resents weakly bound (physisorbed) mobile atoms. o,
and o, are related to the bulk gas density through an
adsorption isotherm. ¢, is proportional to 7 in the limit
of low coverages. Recombination may proceed through
interactions of trapped atoms with mobile surface atoms
or with gas-phase atoms, giving rise to first order recom-
bination, or between two mobile adsorbate atoms result-
ing in second order recombination. On Pyrex and quartz,

recombination is known'® to be first order over a wide-

range of temperatures, however, for T < 120 K and T
Z 550 K, recombination is a second-order process. At
room tempcrature, recombination on Teflon is thought
to be first order®! and we shall assume this to be the case.

Using Egs. (1) and (2) the diffusion problem is refor-
mulated for Knudsen flow as

d2 3
(KSIn + Kszn + = rKvn ) (3a)

dz2 2

dn _ 13 A

dz 27 PP (3b)
with boundary conditions n(z = I) = 0 and ¢(z = 0)

= ¢i,. For our present purpose volume recombination will
be shown to be negligible so that we limit the analysis
to surface recombination. In the absence of any recom-
bination (¢, = ¢;,) we obtain the well known relations

" for Knudsen flow?%
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n(z) = ny(1 — z/I) 4)

31
hy = 2 1‘313 ¢in . ’ (5)
Equation (5) is often written in the Clausing form?
our = Y4Knov A4, (6)

where A = #xr? is the cross section of the "tube and K

= 8(r/l) is the Clausing factor in the Knudsen limit

(long tubes). For short tubes values for K are tabulated.?*
The average number of wall collisions, /V,, that a particle
has undergone after diffusing through the tube is given

by ,
N, = Pwan = 3 (l) ,
Pout 8\r

where ¢y = [ ¥%4n(z)02xr dz is the total number of wall
collisions per unit time. The average time the particle
has spent in the tube is given by
N 3107
d)out 4 ’1-) '

(7a)

(7b)

Here N, = [h n(z)wr* dz is the total number of atoms

in the tube. We note that in general ¢, and N, include
a contribution due to particles which never reach the end
of the tube. This is, for instance, the case in the classical
geometry of Knudsen (a channel connecting two big ves-
sels), where only a fraction z// of the particles colliding
with the wall at a distance z in the tube will reach the
end. The rest of the particles return to the primary vessel.
As a result, only a third of the particles in the channel
will reach the secondary end, in which case

2 2
1\7¢=1(£) and't-=ll—. ®)

Our geometry is characterized by a negligible probability

to return to the discharge region (¢, = ¢oy) and thus
Egs. (7a) and (7b) are applicable.

- In the case of first-order recombination the rate coef-

ficient can be written as Kg; = %+, where v is the re-

combination probability per wall collision. With this con-

vention the solution of Eqgs. (3a) and (3b) is

1o sinh[V2yN (1 — z/I)]
n(z) = V2vy N, cosh[V2yN,.]

N, is given by Eq. (7a). n, is the atomic density, achieved
immediately behind the source orifice and calculated
using Eq. (5). A plot of n(z) vs z is given in Fig. 4. The
degree of dissociation, «, of the flux leaving the tube,
defined as the fraction of all atoms in the dissociated
state [a = ny/(ny + 2ny,)] may be expressed [using Eq.
(3b)] as

(92)

a= o) _ [cosh V2yN.]7.

n

(9b)

We note that the actual purity of the gas is higher (dis-
sociation of one molecule yields two atoms) but in con-
forming with the literature on dissociation we shall use
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FIG. 4. Density profile of atomic hydrogen along a tube with length
I for the case of first-order recombination. « is the degree of dissociation
of the gas leaving the tube.

'
~

a. Furthermore, a ~ 0.46 for YN, = 1 so that, as a rule
of thumb, for negligible recombination in the tube one
should require

(9c)

Our objective is to use these results for designing a
source with an acceptable output flux. As an example we
consider the Teflon tube of typical length / = 25 cm and
radius » = 2.5"mm. We first estimate ¢;,. In the discharge,
operated at 0.5 Torr, the atomic density is estimated to
be n; ~ 8 X 10" /cc (for 600 K and full dissociation).
This implies ¢, ~ %KonDAy ~ 1.8 X 10'7/s for the flux
entering the transport tube, where K, ~ 0.25 is the Claus-
ing factor and 4, ~ 0.1 mm? is the area of the source
orifice. We calculate ny ~ 6 X 10'/cm? using Eq. (5),
corresponding to a mean free path? of a few millimeters
so that Knudsen flow may be assumed. Volume recom-
bination can be neglected if Y%rK,n’ < Kgn. This re-
quirement leads to an upper limit for the density:

= \1/2
Yv
”<(mm)‘

Using the data of Mitchell and Le Roy?! (Y1egon = 2.1
X 107° and K, ~ 1.2 X 1073 cm® atom 2 s~') we conclude
n < 3 X 10'/cm?, a condition easily met without limit-
ing ny.

The degree of dissociation at the end of the tube can
now be evaluated with the aid of Eq. (9b). We find «
~ 93%. However, if we were dealing with an imperfect
Teflon coating on a Pyrex tube and 5% of the Pyrex was
exposed to the atoms, we would have a larger effective
recombination coefficient (yer =~ 2.2 X 107%, with Ypyrex
~ 4 X 1073, see Ref. 19) yielding a ~ 51%. This example
shows that Teflon tubing can be used to guide H atoms
over relatively large distances without excessive recom-
bination and that Pyrex is inadequate for this purpose,
at least at room temperature. For a similar uncoated
Pyrex tube one finds o ~ 8 X 1073, However, cooling this

YN, < 1.

(10)
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F1G. 5. Density profile of atomic hydrogen along a tube with length
1 for the case of second-order recombination. « is the degree of disso-
ciation of the gas leaving the tube.

tube to ~100 K, where the recombination coefficient for
Pyrex is minimal, one again finds a ~ 93%, since for this
temperature Ypyrex = Y1eaon = 2 X 1075, One should notice
that recombination coefficients may vary from sample
to sample as witnessed by the large scatter in ypy,, val-
ues”*? obtained by various authors in the literature. We
have observed a Teflon surface to deteriorate “overnight”
in a vacuum chamber, probably due to oil contamination.

In view of these uncertainties the calculated values for
a agree fairly well with the experimental results, where
values of a up to ~60% were obtained using commercial
Teflon tubing for the transport tube and Teflon coated
quartz tube of 4 mm inner diameter for the accommo-
dator and for the first section of the tube, i.e., the section
immediately behind the discharge region (see Fig. 1). A
very pure atomic beam (a > 90%) was obtained using
a 90-mm-long X 4-mm-wide uncoated quartz tube op-
erated at nitrogen temperature (see Fig. 3b).

For second-order recombination the probability of re-
combination per wall collision becomes density depen-
dent (y = 4K,n/D). If we still use this concept to express
our results the solution of Egs. (3a) and (3b) is given by

ny

n(z) = m x*P(x; 0, 1), (‘1 la)
V—¢
a= (11b)

YoN.@*’

where P(x; 0, 1) is the equianharmonic case of the Weier-
strass elliptic function®® and vy, = v(z = 0). Furthermore,

o (R )

xo=x(z = 0), £ = x,° and w, ~ 1.53 (see Ref. 30). The
constant a has to be determined from the relation

(11¢)

3
Yo, = —(%) P'(xq; 0, 1), (11d)
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A plot of n(z) vs z according to Eq (11a) is given in Flg.
5 for various values of .. :

Equations (11a) and (11d) are most convemently ma-
nipulated using economized polynomial expansions for
x*P(x; 0, 1) and x>P’(xo; 0, 1).>! In terms of these poly-

“nomials n(z) is given by

a )(Pl(n))
n(z) =\n . 12a
(=) (°(z/z+a)Pz(z) (122)
The constant a (or £) has to be determined from
_ P

To a good approximation [for 0 < » (or £) < 12.8]
Pi(n) =1+3.571 X102+ 9.8 X 10>  (12¢)
Py(£) = =2 + 0.14286¢ + 9.81 X 1074£2, (12d)

Here n = x°.

The case of second-order recombination is illustrated
with the example of a tube with the same dimensions as
the Teflon tube discussed earlier (/ = 25 cmand r = 2.5
mm) but now maintained at T = 0.5 K and covered with
a superfluid filn of “He. Assuming a flux ¢;, = 8 X 10"/
s to enter the tube via a small orifice we again calculate
no ~ 6 X 10"/cm’® using Eq. (5) so that the assumption
of Knudsen flow is justified.*? Volume recombination may

2K
be neglected if n < =—>2 as seen from Eq. (3a). Using

v

the data of Morrow et al.,* K5, = 8 X 1077 cm*/s, for
T =0.5K and K, = 2.8 X 1073 cm®/s as measured by
Hardy et al.,” we find n < 2.3 X 10'7/cm?. This condition
is easily satisfied over the whole length of the tube. Using
v = 4Kg,n/v, (7a), (12b) and (11b), we may calculate
YolV. ~ 0.14, a ~ 2.65, £ = —4.45 and « = 0.81. At this
low temperature a does not represent the degree of dis-
sociation (which is unity since H, will freeze out on the
walls) but simply the reduction in flux due to recombi-
nation. We note that under these conditions transport of
atoms at 0.5 K is comparable in efficiency with transport
at room temperature with a Teflon tube. However, in a
high magnetic field recombination is known to be strongly
suppressed at low temperatures. Matthey et al.,>* mea-

sured K5, ~ 3.8 X 107 cm*/s in 10 T at T = 0.5 K.

With this figure we calculate for a tube of / = 2500 cm
and r = 2.5 mm v,N, = 0.068, again using n, = 6

10"/cm?® (or ¢y, ~ 8 X 10'/s). Thus, a = 3.50, ¢
= —6.73 and ¢,, = 0.89 ¢;,,. We note that the atoms
have spent on the average a time of 1875 s in the tube,
as determined by Eq. (7b), without significantly recom-
bining. These results may be extended to other temper-
atures or other magnetic fields (B > 0.5 T) using K,
= KoB T ~'/* exp(2¢,/kT),** where K, is a scaling con-
stant and ea the surface adsorption energy.

D. The accommodator

The considerations of the preceding section can also
be used for the design of an efficient accommodator. The
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aim is to cool the fluxing gas down to approximately the
temperature of the surface without it recombining. At
4.2 K, the best known accommodator surface, with a low
vapor pressure, is H,. However, we point out that H, has
an adsorption energy ¢,/k = 38 = 5 K for H.** In ther-
modynamic equilibrium most of the H would rapidly
condense and recombine. Thus, the accommodator de-
sign must be such that the gas just approaches the wall
temperature and then fluxes out into a subsequent stage.
Accommodation can usually be achieved with just a few
collisions so that a choice of N, ~ 1/, resultmg in «
~ 50%, [see relation (9c)] is satisfactory.

From these qualitative arguments one concludes that
one should select wall materials with small adsorption
energy, ¢, for use at low temperatures. Then the surface
coverage and thus v will remain minimal. The best known
surfaces to inhibit condensation of H are made of liquid
“He, *He, or *He-*He mixtures with a measured ¢, ~ 0.9
and 0.34 K, respectively.5***%*" However, use of these
surfaces require very low temperatures to maintain a low
density of the saturated helium vapor which catalyzes
volume recombination. Therefore, except for the lowest
temperature (7 < 0.6 K) one must rely on other surfaces
with a weak physisorption potential for H, such as H,
or Ne. From the work of Crampton® we calculate Ks,
3 X 1072 cm*/s at T = 4.2 K. With the aid of v
(4/0)Ksn and using n = 10"/cm® one finds 1/y
~ 250 showing that only very short H, plated tubes can
be used to accommodate H to 4.2 K.

In practice it is difficult to select a well characterized
geometry to cool H. Surface composition is often poorly
known and temperature gradients complicate the picture;
therefore, we have tested several accommodator designs.
Initially we followed the concept utilized by Toennies,
Welz, and Wolf (TWW),” first described by Wilsch.*
In this design H, produced by rf discharge, is cooled to
~90 K by passing the gas through a narrow metal chan-
nel cooled with liquid nitrogen. Various wall materials
were tested by TWW (Pyrex, boron nitride, copper), but
best results were obtained using an aluminum channel.
Since aluminum surfaces efficiently catalyze surface re-
combination,!® the result was attributed to the formation
of a thin oxide layer efficiently cooled by the metallic
substrate. It is interesting to note that we have observed
the copper-oxide surface to be unstable in direct contact
with H. A black, heavily oxidized, copper sample re-
gained its metallic appearance in a few minutes under
bombardment with H at a rate of 10'7/cm*s. TWW also
tried cooling their beams to hydrogen temperature (20.4
K), however, under these conditions considerable recom-
bination took place while the remaining atoms were not
effectively accommodated.

Following the concept of TWW an aluminum cap,
containing a 0.5-mm-diam channel, was attached to the
(uncooled) end of our discharge tube. We found a good
thermal contact between the aluminum and quartz to be
of vital importance to prevent the discharge tube from
overheating. This requirement caused a considerable heat

R

load on the cooling system. Although the degree of dis-'
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FIG. 6. Schematic diagram of the low-temperature section of a helium
cryostat used to cool a Teflon coated Pyrex tube to helium temperatures.

sociation was high (>90%) down to nitrogen tempera-
ture, cooling to helium temperatures was unsuccessful,
while the system was susceptible to breakage due to dif-
ferential thermal contraction.

Good dissociation was also obtained using a discharge
tube as drawn in Fig. 3(b). This tube was partially water
cooled and partially cooled with liquid nitrogen. For this
purpose the quartz tube was glued into a copper cylinder
using silicone cement, and an adhesive remaining rea-
sonably flexible at low temperature and consequently
capable of compensating for the rather large differences
in thermal contraction between copper and quartz. The
copper cylinder was screwed into an aluminum cold plate
cooled by circulation of cryogenic liquids. Although this
geometry worked very reliably down to liquid nitrogen
temperature, it had the disadvantage that a considerable
fraction of the microwave power dissipated in the dis-
charge still had to be carried away through the low-tem-
perature cooling system, limiting the lowest achievable
temperatures to about 20 K. ‘

The most detailed study was made using a design
where the accommodator is completely thermally decou-
pled from the discharge region (see Fig. 1). The atoms
are guided to the accommodator using Teflon tubing. In
this way an extremely flexible geometry is obtained. For
an accommodator we used a cylindrical Pyrex tube (6
X 4 mm; 20 mm long) coated with Teflon, using FEP
Teflon dispersion® fused at 350 K in a flowing oxygen
atmosphere. Using Eq. (7a) we calculate N, ~ 38. The
accommodator was glued into a copper block, again em-
ploying silicone glue. The block is screwed to the bottom
of a small can which holds approximately 1 1 of liquid
helium. The arrangement is shown in Fig. 6. The main
disadvantage of this design was that for high flows a
background gas built up interfering with the beam and
thus limiting the fluxes that could be studied. The prop-
erties of the accommodator were studied as a function
of temperature. At high temperature the Teflon surface
is exposed to the H gas, whereas at helium temperature
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the Teflon is coated by H,. The lowest achievable tem-
peratures were limited to 7.7 K due to conduction and
radiative heat leaks. For an accommodator used in study-
ing H as a stable low-temperature gas,* we simply used
a copper or german silver wall which is coated with H,
at T~ 5 K.

E. Beam formation

The atomic beam that results when the gas leaving the
accommodator expands into a vacuum can be described
by a model of Giordmaine and Wang (GW),* who suc-
cessfully applied kinetic theory to the problem of molec-
ular beam formation by long cylindrical channels con-
necting a source volume to an ideal vacuum. A similar
study was made by Troitskii.* GW assumed the density
n(z) to fall linearly with the distance (z) along the chan-
nel as in the case of Knudsen flow

n(z) = n(z/l), - (13)

where n, is the density in the source, z is measured from
the low-pressure end, and / is the total length of the
channel. Better approximations accounting for the non-
zero density at the end of a real channel have also been
studied*? but lead to corrections which hardly affect our
results.

GW considered two contributions to the center-line
intensity, I, of the beam: (a) A contribution due to atoms
passing through the channel without collisions

1 )
I = o — n,0,4 exp(zx ) (14)

“where A, is the molecular mean free path at density
and the exponent accounts for beam attenuation due to
scattering by the stagnant gas in the channel. (b) A con-
tribution due to particles scattered into the axial direction
by interatomic collisions in the channel.

f dz — n(z)vA \2) exp(z;(zz)) . (15

Adding Egs. (14) and (15) one attains the total center-
line intensity which may be conveniently written as:

F(n) 1

I= o 4nst')A (16a)
F( )—Ecrf(v;) (16b)

n= ) V‘l—]

n=1/2X. (16c)

F. Peaking of the beam

It will turn out to be useful to characterize a beam
source with a parameter x, called the peaking factor of
the source, which relates the total intensity with the cen-
ter-line intensity

I=x®/x. (17)

For a cosine emitting source x = 1 so that the peaking

1173 Rev. Sci. Instrum., Vol. 53, No. 8, August 1982

;

factor is a measure for the directivity of a beam source, .

normalized to that of an ideal effusive source. Comparing
Egs. (16) and (17), and recalling the well-known Claus-
ing formula Eq. (6) for the total flow through a channel
(® = %Kon,0A; where K, is the Clausing factor) x may
be written as

x=Fn)/Ky. (18)

G. The opaque mode

" A specific mode of operation, of particular importance
for our analysis, is the opaque mode, where particles have
a negligible probability to pass through the channel with-
out a collision. In this mode we are still dealing with
Knudsen flow but only process “b” will contribute to
the beam. The condition for opacity in the channel is 7
Z 6, where the error function approaches unity to within
1% and can be approximated by

o =2(2)" 19)

Expressing A in terms of the density, A = (v20n)7!, where
¢ is a collision cross section, and using the “long-channel
approximation™ for the Clausing factor [K, = ¥%(r/1)]
leads, after a few mampulatlons to a compact formula

for x:
1(3 74 1\
X‘g(i”‘& . Q) . (20)

Equation (20) expresses a characteristic property of the
opaque mode: for a given total flow the peaking factor
is independent of the length of the channel.

H. Velocity distribution

Another property of importance for this study is the
velocity distribution characterizing the channel sources.
We assume thermal equilibrium in the source. Hence,
the velocity distribution of the stagnant gas is given by
the Maxwell-Boltzmann (MB) expression: ’

flx)dx = 4x2x% " dx (21a)
with normalization [§ f(x)dx = l and
x= 03 . v, = (2kT/m)'"”, (21b)

where T is the source temperature, m the molecular mass,
and k the Boltzmann constant. At pressures low enough
that only process “a” will contribute to the beam (this
is called the transparent mode of the channel source),
one is clearly sampling the source volume in an “effusive”
way, and the beam resulting from the channel possesses
a velocity-weighted Maxwellian distribution*’:

fo(x)dx = 2x% dx (22)
again normalized to unity. If the source pressure is in-
creased, the beam will be attenuated in the channel. In

the GW-model this is accounted for by the exponentials
in Egs. (14) and (15).
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In order to obtain a first-order correction to the velocity
distribution, Olander, Jones, and Siekhaus (OJS)* ex-
tended the GW analyses, which is essentially a one-speed

model, to allow for velocity dependence of the mean free

path, utilizing the classical expression for the velocity
averaged mean free path of a Maxwellian gas.** This
model leads to a shift of the most probable velocity to
a slightly higher value and predicts this effect to “satu-
rate” with increasing opacity. In the opaque mode the
velocity distribution is found to be independent of the
total flow. OJS also reconsidered the peaking effect em-
ploying a velocity dependent mean free path, but the
differences with the GW model were found to be insig-
nificant for practical use and hence Eq. (20) remains
adequate to estimate the peaking in channel sources.

Velocity distribution channel sources have been re-
ported at various places in the literature.*-*® However,
none of these experiments showed the saturation effect
in the opaque mode. To our knowledge, no adequate the-
ory is available describing this aspect of the velocity dis-
tribution of channel sources.

Il. MEASUREMENT PROCEDURES
A. Mass flow

The gas supply to'the dissociator is controlled with a
needle valve which determines the total flow through the
system. The primary side of the valve is connected to a
gas. handling manifold, including branches to a simple
oil manometer and a Pyrex bulb with a calibrated volume
of 1140 cc. The bulb serves as an H, reservoir of known
volume. Monitoring the pressure decay in the bulb as a
function of time, by means of the oil manometer, enables
an accurate determination of the mass flow (¢,,) through
the system, defined as the flow of pairs of atoms (either
in the atomic or molecular form). The data were cor-
rected for dead volume in the gas handling system and
for changes in the dead volume arising from varying lev-
els in the oil manometer. During the measurements the
temperature of the bulb was observed to be stable within
0.1 K. The reference arm of the manometer was contin-
uously diffusion pumped to avoid errors caused by de-
gassing of the oil. Typically our beams were operated at
¢m = 10" pairs/s.

B. Calibration of the quadrupole for H,

The quadrupole mass spectrometer is used to provide
a convenient secondary standard for the mass flow
through the system. Calibration is, however, not straight
forward since the experimental arrangement, shown in
Fig. 1, provides information only about the center-line
intensity of the beam (I; units of the flux/sr) and not
about the total flux (¢). As a result the peaking effects,
discussed earlier, will complicate the analysis. Further-
more, the quadrupole measures tl}c effective beam den-
sity in the ionizer, i.e., a velocity weighted intensity S
instead of I directly:
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S = To(I/B;)QL, (23)

where T'y is the ionization and extraction rate per particle,
Q is the solid angle of detection, L the length of the
ionizer, and o, = (8kT/wm)'/?, the average velocity in
the source. In the case of non-Maxwellian velocity dis-
tributions, not ¥, but (in general) a different weighting
factor, is obtained. T, is in general a furiction of velocity
as discussed by Siekhaus, Jones, and Olander.*® This ef-
fect is strongly dependent on the type of ionizer and as-

sumed to be negligible in our case since Maxwellian dis-

tributions were obtained for low source pressures. Com-
bining Eqs. (17) and (23) yields

r 5
QLFO X

6= (24)

With thése considerations in mind an H, calibration
of the quadrupole is obtained by chopping the beam with

an equal segmented chopper and measuring the peak-to-
peak value (S,,) of the observed waveform with the’

quadrupole tuned to mass 2. S, is proportional to -the
total H, flux as long as the period of the chopper function
is' much longer than the average time of flight through
the system. A simultaneous measurement of ¢, using
the mass-flow technique discussed in the. preceding sec-
tion, provides the corresponding total flow ¢y,, since for
a purely molecular beam ¢y, = ¢,

‘Once ¢,, and S, , are determined for one specific com-
bination of temperature and mass flow, scaling of x and
D, may be used to obtain a calibration of the quadrupole
reading for different temperature and flow conditions.
Special care is required if the velocity distributions show

" deviations from Maxwellian behavior as a consequence

of different velocity weighting in relation (24). Scaling
of v, is straightforward; scaling of x is dlscussed later in
this section.

C. Calibration of the quadrupole for H

The calibration procedure used for H, could also be
applied to H if striking of the discharge in the dissociator
would result in a 100% pure atomic beam, for then every
molecule contributing to the mass flow (¢,,) through the
flow impedance would simply result in a pair of atoms,
or ¢y = 2¢,. However, under typical experimental con-
ditions the dissociation is not complete. The correction
is straightforward once the degree of dissociation («),
i.e., the dissociated fraction of ¢,, is known:

bu = 2ad, . (25)

D. The degree of dissociation

The experimental arrangement also enables a partic-
ularly simple determination of the dissociated fraction
(a) of the beam by observation of the relative change in

mass 2 intensity upon striking the discharge. First the

H, signal (S,,°") is measured with discharge off. This
provides us with a measure for the total H, flux, using
Eq. (24), which equals the mass flux in this case. Then
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the discharge is started and the H, signal drops until
(after some transient effects) a new steady value is
achieved (.S,,*"). Since the total mass flow is not affected
. by the status of the dissociator, the H, flux now represents
a direct measure of the nondissociated fraction (1 — «)
of the mass flow:

- . (26)
XonVofr Soﬂ‘

(1 - a) = ¢H20n/¢H20ﬁ =

By stabilizing the accommodator temperature one

achieves ¥, = . This was checked experimentally by

measuring the TOF distribution of H, with discharge on

and discharge off. In practice, determinations of « were
made using

3 Sppon

Sonoff :

a~1 (27)
This implies that errors due to possible changes of x were
neglected.

E. The density in the accommodator

An estimate for the (average) density in the accom-
modator is obtained in a simple way using Eq. (3b):

(28)

Here [ is the length of the accommodator and ¥ is the
average velocity of the stagnant gas. We note that this
expression is only valid when the accommodator is op-
erated in the opaque mode.

F. The peaking correction

The geometry of our system, as described in Sec. II
deviates in various ways from the geometry studied by
Giordmaine and Wang (GW). Nevertheless we shall as-
sume the GW results to be transferable to our geometry
as long as the source is operated in the opaque mode.

This approximation can be considered to be a general-

ization of the result of Eq. (20) in the sense that it as-
sumes the beam shape to be determined by the last sec-
tion of the channel only. This section is defined by the
condition z < 2\(z), where z is the distance in the ac-
commodator, measured from the low-pressure end. This
is the distance up to the point where the source becomes
opaque. Furthermore, we require a homogeneous tem-
perature distribution over the accommodator.

The concept of beam peaking as discussed before im-
plies a change in peaking when the temperature of the
accommodator is changed. This aspect of the theory is
of particular importance for the calibration of our mea-
surements. In a hard sphere collision approximation
x(T) ~ T'* as results from Eq. (20). The main uncer-
tainty in x(7) is due to the temperature dependence of
o, which was neglected in our estimates for the total
atomic flux.
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G. Time-of-flight analysis

Information about the temperature at which H leaves
the accommodator can be obtained by pulsing the beam
and using the quadrupole to observe the temporal dis-
persion of the pulses. We first present a somewhat general
approach to be used in our subsequent analysis. If the
shape of the pulse in time is represented by e(¢) the re-
sponse of the detection system can be written as

S(t) = Te(o), (29)

where T is a linear operator. Let h(z — #,) be the linear

_response of the system to a 6-function pulse at ¢ = #,:

h(t — o) = To(t — 1) (30)
with
: +c0 .
h(t—to)dt =1; h(t—1t)=0
for 1 < t, (causality). (31)

The relation between the number of particles in the ve-
locity interval (v, v + dv) and the corresponding time
interval (¢, t + dt) is
ot = 10) = ~fu() 2, (32)
' t
where t — ¢, =L /v, L being the distance between chopper
and detector and A, is the real (i.e., uncorrected for de-
tector properties) time-of-flight (TOF) distribution.
For a Maxwellian velocity distribution f,(v)dv is given
by Eq. (22). Setting #, = 0 and using Eq. (32) we find

ho(t) = f(L/1)L/E. (33)

For analysis of our measurements this result has to be
corrected for the v™! dependence in the sensitivity of the
quadrupole (see the section on calibration), yielding the
effective TOF distribution A(¢) ~ f,(L/t)/t written in
a normalized form as

k(1) = f(L/t)L/P.

For our Maxwellian distribution, f,(x) is defined by Egq.
(21) and we can write

4 1 (6\*
h(t) = —== =) e/?
(.t) Vr 0 (t) e

where § = L/« is the TOF of the atoms with velocity
a (see Fig. 7, curve 1). Thus, a very simple relation exists
between the velocity distribution in the accommodator
and the effective TOF distribution A(z) as measured using
a mass spectrometer. ;
The linearity of T may be used to show that S(¢) can

be written as. a convolution integral:

(34)

(3%)

S(1) = f_t e(T)h(t — 7)dr = e()xh(2). (36)

A useful property of this integral involves the time de-
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rivative:
S(2) = é(0)*h(1). (37)

H. Narrow slit chopper

A common procedure to pulse atomic beams is to use
fast rotating chopper blades containing one or more nar-
row slits. The finite width of any real beam or chopper
can be accounted for using Eq. (36). Assuming a rect-
angular gate function (Fig. 7, curve 2') the response of
the detector is given by (Fig. 7, curve 2)

1
S(t) = Sof h(t — 7)dr, (38)
to
where S, is the signal in absence of the chopper and the
gate is assumed to be open between #, and ¢,. High re-
solution requires the use of narrow slits; however, Eq.
(38) shows that in the limit of a vanishing slit width (¢,
— to — 0), the signal also vanishes.

I. Equal segmented chopper

In our apparatus we employ an equal segmented chop-
per to obtain the TOF. Here the stimulus e(?) is ideally
represented by a step function 8(¢ — #,) changing value
att = 1y

‘ 13
S(t) = S, f 0(r — to)h(t — 7)dr. (39)
Knowing the response to the step function (Fig. 7, curve
3) the (effective) TOF distribution is obtained by dif-
ferentiating S(z) with respect to time:

S(1) = Sph(t — to).

As in the case of the narrow slit chopper, one has to
account for the finite width of any real beam. This results
in a distortion of the step function which, however, re-
mains simple if slit shaped diaphragms are used to define
the beam (Fig. 7, curve 4'):

(40)

0 for t<t
t— 1t
e(t) = for tpn<t<t (41)
tl - t()
1 for t<1y,.

The response to this e(?) is calculated by substituting Eq.
(41) into Eq. (36) and is plotted in Fig. 7, curve 4. The
response is related to the TOF by applying Eq. (37)
So [™
f h(t — 7)dr.
Lo Jy

tl_

h(t) = S(1) (42)
* h(¢) is called the convoluted (effective) TOF distribution
and is recognized as closely equivalent to the convolution
of A(¢) with the rectangular gate function [i.e., Eq. (38)].
However, in contrast to that case, in the limit #, — ¢,
h(¢) reduces to Soh(t — ) and high resolution may be
obtained without any loss of signal. In comparing the
merits of both techniques we must also include noise
considerations. If one is completely limited by back-
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FiG. 7. TOF distributions for a Maxwellian beam and various choices
of e(r). (A) Case of narrow slit chopper. Curve 1: response to delta
function stimulus. Curve 2: response to block pulse shown as curve 2.
(B) Case of equal segmented chopper. Curve 3: response to step func-
tion. Curve 4: response to step function, taking into account the finite
cut-off time of the beam as shown with curve 4'. The areas under curves
1 and 2 are normalized to 1. Note that curves 1 and 2 are the derivatives
of curve 3 and 4, respectively.

ground noise, the equal segmented chopper will be fa-
vorable, whereas in the limit of vanishing background
noise the narrow slit chopper will yield better results,
since it minimizes noise due to fluctuations in the signal
itself, such as those encountered for Poisson statistics.
Except for the large background signal the possibility of
simultaneously monitoring the total atomic flux by stan-
dard lock-in techniques was decisive for our choice. In
the development of a cold H source, the beam flux is

often unmeasurably small. Using a narrow slit chopper

requires about 15 min of signal averaging to ascertain
this, whereas about 1 s is required with lock-in detection,
using an equal segmented chopper.

J. Signal processing

The signal originating from the mass spectrometer was
averaged on a Fabri-Tek waveform analyzer using 256
channels and a 20-s dwell time. Typically, averaging was

done over 10° spectra. The repetition rate is limited by .

the width of the TOF spectrum, too high a rate causing
overlap of spectra and resulting in a distortion of the low-
velocity part of the distribution. No special arrange-
ments, such as the use of a double bladed chopper,***°
were undertaken to remove this low-velocity tail. The
data was transmitted to a PDP 11 mini computer where
further signal processing was done. A(z) was obtained by
numerical differentiation of S(z) with respect to time
using the Lanczos method.>® Then, applying Eq. (34) the
data (transformed to the velocity domain) yielded the
convoluted (effective) velocity distribution f,(v). Finally
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F1G. 8. Non-Maxwellian TOF distribution as measured in our system
for molecular nitrogen at room temperature. For explanation, see text.

the data was smoothed using a Gaussian smoothing pro-
cedure, where the width of the Gaussian (2/ V\) was 25
m/s:

Gy = [ e an (43)

For high velocities (v ® 2 km/s) the width was taken
slightly larger in order to prevent the corresponding width
in the time domain from becoming less than the exper-
imental resolution (0.13 ms).

Any smoothing results in deformation of the signal,
most apparent in regions of large curvature. This effect
is minimized by first subtracting a theoretical curve
f+®(v) selected by trial and error to approximately fit the
data, and then to do the smoothing on the noisy difference
signal, where significant deviations from the trial dis-
tribution must have a small second derivative. Then, after
smoothing, the difference signal is added again to

(v) to produce the (smoothed) total signal:

~ ~ +oo ~ ~

Gy =120+ [ e~ FAean (44

—o0

The advantage of this method is that deformation due
to smoothing can only occur in the relatively small dif-
ference signal, which in our case is the deviation from
ideal Maxwell-Boltzmann behavior. The approach is
especially useful in measurements where the exact shape
of the distribution is not too critical, such as in the present
experiment where the TOF is used to determine the
(Maxwellian) temperature of an ensemble of H atoms
in a cryogenic environment.

K. Calibration of the time-of-flight scale

The signal averager was triggered using a pulse gen-
erated by an optical chopping indicator. There is, how-
ever, a phase difference between the real chopping func-
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tion of the beam and the periodic trigger signal resulting
from the electronics of the chopping indicator. Basically

-this phase difference originates from the difference in

position between the beam and the chopper indicator,
but is also due to the ion extraction time, the finite width
of the trigger pulse, and the pulse handling electronics.
Evidently the measurement time scale, i.e., the time ini-
tiated by the trigger pulse, has to be corrected in order
to obtain the real experimental time scale. David et al.,*
determined this zero of flight time by variation of the
flight path. Miller®? used UV photons and an on axis ion
detector. A mechanical velocity selector was used by
Beyerinck et al.,** to produce a known velocity beam,
they also replaced the molecular beam by a light source
using a photomultiplier for detection. Not all authors
specify the estimated error in the zero of time determi-
nation but it seems difficult to achieve a high absolute
accuracy since uncertainties up to 50 us are reported.
Clearly this calibration requires. great care because of
the many aspects that come into play. We used two in-
dependent methods to calibrate the time scale of our TOF
system. First, an optical technique was used, replacing
the beam by a small He-Ne laser and detecting the light
using a fast light powermeter. This measurement yielded
a shift corresponding to 210 = 20 us. This figure has to
be corrected for the time delay due to the finite ion-
extraction time when using an atomic beam instead of
light. Such a correction is mass dependent and for H and
H, calculated to be of the order of 4.1 = 1 and 5.8 = 1
us, respectively. The second method used to calibrate the
TOF time scale is based on the assumption that our
source, operated at low enough pressures, will yield a
Maxwellian velocity distribution. Then a simple fitting
procedure with a calculated distribution can be used to
fix the time scale. This procedure was used with H, H,,
and “He at room temperature and leads to a phase cor-
rection of 240 + 5 us. We also measured the distributions
of Ne, N,, and Ar but in these cases the pressures could
not be reduced enough to observe Maxwell-Boltzmann
behavior, due to noise limitations. In Fig. 8 the TOF
distribution of N, at 295 K is plotted and compared with
MB curves calculated for four different temperatures,
taking into account convolution effects due to the slit
function. The curves are normalized to the integrated
intensity under the measured TOF distribution. The ob-
served deviations from the 295 K MB curve cannot be
eliminated by a shift in the time scale, demonstrating
that knowledge of the beam temperature is sufficient to
distinguish a Maxwellian from a non-Maxwellian dis-
tribution and giving confidence that the observed (Max-
wellian) TOF distributions of H, H,, and “He can be
used to obtain a reliable time scale calibration.

No satisfactory explanation was found for the 25-us
discrepancy between the two calibration techniques. A
number of instrumental effects that can induce a system-
atic error consistent with the observed discrepancy will
be briefly discussed here. The 0.13 ms cut-off time of the
beam gives rise to an important convolution correction
especially for low-mass, high-temperature beams (Fig.
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 9). A possible systematic error might be due to incom-
plete knowledge of the instrumental function used in the
convolution. This function was calculated assuming an
ideal rectangular cross section of the beam and a position
independent detection probability. The ionizer of a mass
quadrupole will induce a distortion of the TOF spectrum
if it is operated above a critical emission current due to

the buildup of space charge causing ion-extraction prob- -

lems. No changes in the TOF spectrum were observed
by variation of the emission current up to 1.9 mA. Fi-
nally, memory effects may be present due to periodic
fluctuations of the background pressure at the detection
frequency caused by the beam randomized in the detec-
tion chamber. This effect is small in our system. The
beam is passed through the open structured ionizer of
the quadrupole and well collimated, so that beam par-
ticles will not collide with the walls of the ionizer. Fur-
thermore, the final beam is randomized in a large volume
(100 /) and pumped using a ion-getter/titanium subli-
mation pumping combination with an overall pumping
speed of 6000 1/s for hydrogen. For average beam ve-
locities below 500 m/s, of primary concern in studying
low-temperature beams, uncertainties of order 25 us in
the TOF time scale correspond to errors of less than 2.5%
in the velocity or 5% in the Maxwellian temperature. The
TOF system parameters are summarized in Table I.

. RESULTS

As a typical example of the results that can be achieved
with our dissociator design we first discuss a measure-
ment of o that was done with the tube shown in Fig. 3b.
Here, the H leaving the discharge enters into a L = 90
mm, r = 2 mm [N, ~ 759, see Eq. (7a)] quartz tube
cooled to liquid nitrogen temperature. We measured «
~ 0.92 + 0.02 for an estimated flux ¢;, ~ 2 X 10'¥/s.
Analyzing this result on the basis of first-order recom-
bination kinetics [@ ~ 1 — yN,; for YN, < 1, see Eq.
(1b)]. We calculate ¥ < 107*. This result represents an
upper limit since we assumed implicitly that ¢;, is fully
dissociated. Moreover, experience with other tubes leads
to the conclusion that the gas leaving the discharge region
is never more than 94% dissociated.

I I T T
UNCONVOLUTED

ATOMIC HYDROGEN .
T=297 K

—_
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F16.9. The importance of convolution for fast beams demonstrated
for the TOF of atomic hydrogen at room temperature.
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TaBLE I. TOF system parameters.
flight distance 525 + 5 mm
beam diameter at chopper 1.5 £ 0.02 mm
angular velocity of chopper 177.5 = 1 rad/s
chopping period - 8.85 + 0.05 ms
resolution of signal averager 20 us

time resolution (cut-off time) 0.130 = 0.002 ms

The most complete set of results was obtained with the
apparatus shown in Figs. 1, 2, 3a, and 6 discussed in
detail in Sec. I. We stabilized the total mass flow through
the system using the precision needle valve and selected
a relatively low flow rate to ensure the absence of inter-
ference between beam and background gas. At room tem-
perature we measured ¢y = 7.2 X 10'¢/s with a ~ 0.31.
The Teflon tube connecting dissociator with accommo-
dator is characterized by N, ~ 3750 [using Eq. (7a)].
Equation (9b) now enables an estimate of yreon, yielding
Yrefion = 4.5 X 107% Under the best conditions we ob- _
served Yreion =~ 107* for commercial Teflon tubing. No {
attempts were made to study the recombination kinetics.
Reducing the accommodator temperature to 78 K, the
H flux decreased to 65% of the room temperature value.
Further cooling to 7.7 K (the lowest achievable temper-
ature for the accommodator) resulted in a flux decrease
to 32% or ¢y ~ 2.4 X 10' H,/s. On the basis of these
results we calculate average densities of 3.4 X 10" /cm?
at T = 7.7 K in the accommodator [using Eq. (28)].
Once the temperature of the accommodator is reduced,
a detailed comparison between experiment and the model
presented in Sec. I is no longer justified due to the pres-
ence of temperature gradients. Especially at the lowest
temperatures, care is required in interpreting our results
in view of uncertainties in the peaking correction for the
beam, which is hard to estimate but could be on the order
of a factor of 1.5. However, it is most likely that the
reduction in atomic flux—with lowering of the accom-
modator temperature—is due to an increase in the re-
combination probability y. If we assume this point of
view we must conclude that the surface of the accom-
modator is not covered with a saturated layer of solid
molecular hydrogen. Using the results of Crampton® we
calculate ¥y = 5 X 107° at 8 K and n = 10*/cm’. For
our accommodator N ~ 38, implying that recombination
would be negligible. A thick film of H, is also inconsistent
with our H, intensity measurements. A saturated vapor
pressure would result in a H, beam three orders of mag-
nitude more intense than was observed experimentally.
The exact composition of the accommodator surface is
unknown, although it seems reasonable to assume a sur-
face coverage of, at most, a few monolayers of solid H,.

Evidence that the gas was well accommodated to low
temperature was obtained by measuring the TOF dis-
tribution at the various accommodator temperatures. The
raw data, an example of which is shown in Fig. 10, was
reduced to velocity distributions using the formalism of
Sec. II. Results are shown in Fig. 11(a) for the three
different measured temperatures: 297 + 3, 78 + 2, and
7.7 = 1 K. The difference in error bar for different ve-
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F1G. 10. An example of raw data as obtained for atomic hydrogen at
T =90 K.

locities results from the transformation from time to ve-
locity space: the TOF can be measured very accurately
for. a low-velocity beam due to a large dispersion in time,
however this dispersion also leads to low intensities and
thus relatively large vertical error bars. The data can be
fit to Maxwellian distributions (convoluted with the slit
function) corresponding to temperatures 297 + 5, 90
+ 5, and 8.5 = 1 K. These temperatures were found to
be consistent with the distributions measured for H, [see
Fig. 11(b)] with discharge on. On the basis of the 8.5
K TOF we calculate an increase in the flux of low-velocity
atoms (v < 2vz = 918 m/s, where v is the most probable
velocity in the beam) by a factor ~20 with respect to the
room-temperature beam. (The reduction from the theo-
retical maximum value of 71 is due to increased recom-
bination losses.) This result shows that our source, in
combination with a velocity selector, could be a valuable
tool for low-energy atomic beam scattering experiments
with hydrogen atoms.

It is useful to raise the question of what is to be ex-
pected if the accommodator is operated at still lower
temperatures—say below 4 K. We expect a steadily
growing layer of solid molecular hydrogen to form; the
calculated output flux of H,—based on the known vapor
pressure of the solid>>—is much smaller than typical in-
put fluxes. We thus may base our analysis on the work
of Crampton,* using an exponential scaling of the re-
combination rate with temperature Ks, = Kg,°T '/2
exp(2¢,/kT).>* Recombination rapidly becomes limiting
once N, 2 1/v = 0/(4Ks,n). Replacing n by the average
density in the accommodator and using expressions (7a)
and (28) we obtain a simple criterion to decide whether
the flux is recombination limited or not

(SN o) [ool5)]

ou= 9 13 my Ks20 °xp kT ’
where r, /, and T are the radius, length, and temperature
of the accommodator, respectively, ¢, = 38 K and Ks,°

= 8.4 X 107 cm* K'/2 571 With this expression, re-
combination is found to become limiting for our accom-
modator at 4 K if ¢y = 10'¢/s. However, the effect has
a strong temperature dependence. At 2.5 K we expect

to be recombination limited already for ¢y 2 10'!/s. Of
course, one may try a brute force approach of using high
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input fluxes and accept considerable recombination losses
to obtain some increase in output flux. We note that this
approach is very inefficient since recombination on H,

- is second order and, therefore, scales with 772. To double

éu (roughly proportional to 77) we thus have to quadruple
the input flux into the accommodator so that, even with
¢in = 107 /s one only obtains ¢y ~ 10'*/s at 2.5 K. Ad-
ditional disadvantages of the brute force approach are
the considerable heat load and the rapid buildup of bulk
solid which may give rise to plugging up of the accom-
modator. A recombining flux ¢y = 10'7/s corresponds.
to 7 mm?® bulk solid per hour and a recombmatlon heat
load of 36 mW.

A simple method to increase the recombination 11m1ted
flux by approximately one order of magnitude would be
to reduce the length of the accommodator by a factor
of 2. This would of course reduce the number of wall
collisions to below 10 but the masses of H and H, are
well enough matched to enable efficient energy accom-
modation in a few collisions, so that the beam temper-
ature would remain unchanged. .

A serious problem which can exist is a vacuum leak
of air into the Teflon tube. In one such case after. cooling
we observed the flux of H to deteriorate from a high
value to zero within some tens of minutes. Presumably
the air condenses on the cold Teflon surfaces before the
accommodator and these air surfaces, which are not cov-
ered with H,, are efficient for recombination. We believe
that the most important process is first-order recombi-
nation of H with oxygen. Precautions should always be
taken to use pure H, gas and to protect the Teflon from
condensable gases. or oils.
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Subsequent to the measurements reported here, sources
based on these designs, operated at an accommodator
temperature of T = 4-6 K were used to load H into cells
‘with liquid helium covered walls at temperatures below
~0.5 K (see Fig. 12 and Ref. 4). An important design
consideration of these sources has been to avoid collisions
of H with non-helium covered surfaces below 4.2 K. This
was realized by using a very short tube between the ac-
commodator and the helium covered region, thus toler-
ating incomplete accommodation on the H, surface to
avoid total recombination. A nonquantitative confirma-
tion of the importance of the accommodator wall tem-
perature was found when deuterium was loaded into a
similar helium covered cell.>® In this case the flux was
orders of magnitude lower than when loading with H
under similar conditions, due to the larger adsorption
energy of D on D, (this is unmeasured but must be larger
due to the lower zero-point energy). Moderate heating
of the accommodator yielded substantial gains in flux.

An additional complication of configurations employ-
ing superfluid helium covered surfaces at low tempera-
ture may be the presence of stagnant helium gas in the
accommodator and transport tube. If the mean-free-path
A of the H atoms in the stagnant gas is smaller than the
diameter of the tube, the transport of the H is no longer
Knudsen limited but may be described by ordinary dif-
fusion (with D = %Ap). This leaves the analysis of Sec.
I unchanged if we correct for an enhanced number of
wall collisions in the accommodator and transport tube:
NS = N(2r/)\). For a pressure p = 107> Torr (corre-
sponding to the saturated vapor pressure of “He at 0.8
K), the density of the stagnant gas in the accommodator
(assumed to be at 4 K) is n ~ 3 X 10'®/cm”, corresponding
to 2r/\ =~ 50 or equivalently a reduction of ¢y by the
same amount if the flux is recombination limited.

Further, we note that the most perilous region for the
H atoms is that between the 4 K accommodator and the
~0.5 K cell. Between these two regions of the tube the
helium film is driven towards the accommodator and
vaporizes at a point, where T' < 1 K, fluxing back to the
cold region.

In the region 1-4 K, the H, wall may be covered by
only a monolayer or so of helium and we expect most H
atoms that strike those walls to recombine. Obviously
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this region should be made as short as possible so that
atoms can make the transition without wall collisions. A
stagnant He gas can possibly frustrate this. Alternatively
much “hotter” atoms can be fluxed through this region.
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