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Design considerations of a two-stage
alkali atom beam source
with a multicollimator*
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The paper contains the design considerations of a two-stage source of alkali atoms beam
suitable for studies of multiphoton processes. The construction of the source makes it possible to
obtain a high intensity beam of small divergence apd reduced concentration of dimers with a
small consumption of mass of the material used.

1. Introduction

A method of atomic and molecular beams has found many applications in various
fields of physics. It is of particular advantage in the optical studies, e.g., in
Doppler-free spectroscopy and multiphoton processes. The simplest source of the
atomic or molecular beam is an effusion oven with a thin circular hole. According
to Ramsey [1], the number dN of atoms effused from the orifice within a solid
angle dco at an angle 9 measured with respect to the direction of the beam axis is

dN = (1/An)dcmvA cos 9 @

where: n — density of atoms in the oven, A — area of the orifice, v . — mean
velocity of an atom which at Maxwell distribution is v = yjSkT/nm, m —mass of
an atom.

Total number of atoms leaving the source during time unit is

N = (1/4) nvA, )

so the number of atoms flowing in the desired direction 9 ~ 0 is small when
compared with the total effusion rate. This leads to disadvantageous wastage of
the metal placed in the furance and gives rise to problems with external collima-
tion of the atomic beam. One of the methods of avoiding of the losses is the
recirculation of the material effused from the furnace within nonaxial part of the
beam [2]-[4]. Another one consists in the application of a pipe of a length |
instead of an outlet hole. Assuming effusive outflow from the channel, i.e., when the
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mean free path of an atom is

A= (v/Zt®2nr1 >

where O is the effective diameter of an atom, the number of atoms leaving the
source can be calculated from Eq. (2) into which the geometry reduction coefficient
(Clausing coefficient) has to be incorporated, so

1

N = I nvA. @
In addition, the dependence of the angular distribution on the ratio I/a [5] has to
be taken into account as well. Condition (3) seriously limits the brightness of the
source.

According to this condition, in order to obtain the required geometry of the
beam, the mean free path of an atom should be increased or the length, so the
diameter also, of the channel should be decreased, which may be unfeasible. An in-
crease in the peak intensity of the atom beam, with its geometry unchanged, can be
realized by replacing the effusion flow with ultrasonic one, or in the case when
atoms of thermal velocity are required - by applying a multicollimator made of
many parallel effusive nozzles.

As it was already found by Hera et al. [6] the presence of even slight
admixture of alkali dimers in the atomic beam can be a source of significant
errors, while studying multiphoton phenomena. When vapour is in thermodynamic
equilibrium with the surface of the melted alkali metal, partial pressure of dimers
considerably increases with temperature, as shown in Fig. 1 Although the rate of
dimers dissociation increases with temperature, an increase in vapour density

Fig. 1 Partial pressures of po-
tassium atoms and dimers as
function of temperature. Data

500 700 TIK] points after [13]
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under thermal equilibrium with the melted metal leads to the domination of
dimers formation over their dissociation.

In order to diminish the contribution of dimers in the beam, a separated region
of higher temperature should be introduced so that it should not be in thermal
equilibrium with the melted metal. As it follows from the above considerations the
source of alkali atom beams designed, for example, to study multiphoton processes
should consist of a container of alkali metal, where a stream of vapour of a
required density is produced, a superheater to assure effective dimers dissociation,
a tube connecting the container with the superheater and a multicollimator nozzle
which provides high intensity and required angular distribution. The dimensions of
the tube are selected so that the atoms undergo many collisions with walls and
only few collisions with themselves.

The sources of this kind have already been applied in the studies of multipho-
ton ionization (e.g., [7]), however they have not been described in detail so far.

2. Flow of atoms through long pipes

Let us consider the flow through a tube of a radius a and length /> a. One end of
the tube is assumed to be in the vacuum and the other is connected with a gas
container of a density n. Let'us further assume that the atoms reflected from the
walls of the pipe obey Knudsen’s law [8].

As to the relation between the length and radius of the pipe and the average
mean free path X of an atom there can be distinguished in the pipe, after
Giordmaine and Wang [9], three kinds of flow.

Mode | flow: X $>1, the atoms undergo collisions with the walls of the pipe only
and the influence of interatomic collisions is negligible. The parameters of the
beam can then be described by the following relations:
peak intensity

©)
total flow intensity
atom 6
4x X s -
Clausing coefficient
x=1+—, for l/a™ 15
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In order to obtain more intense beams the condition X $>1 is often replaced by a
weaker one.

Mode Il flow: X <=/ and a” a in the whole tube. Physically it means that the
interatomic collisions inside the channel cannot be completely neglected but their
influence does not alter the distribution of collisions of the atoms with the tube
walls. In this case, Eq. (6) is still valid although the peak intensity is not
proportional to the pressure in the source. The shape of the beam depends on
both geometry of the pipe and flow intensity N.

Since the quantity /(0) does not provide any information about directional
properties of the source and the dependence /(#) is complicated, we consider it
purposeful to introduce the Clausing coefficient [10] in a more general sense as

« QU

8
I (Q)orifice N—onst

Thus, the x* coefficient determines how many times the intensity in the beam axis
for the source with a pipe is greater than the intensity from the source with a
diaphragm of the same diameter as the pipe under constant total flow. Simulta-
neously, the value of this coefficient is a convenient measure of directional
properties of the source. As it follows from the theory of Giordmaine and Wang

[]
1(021 = —x*N, ©)

for any mode of molecular flow.
For the flow of Il Mode

M3T. 1 ma 10
X — 8 ( )
and
21/4va2nl2
=5 5p AL

It is worth noting that the method of increase in the peak intensity 1(0) by

increasing pressure is ineffective rather, because of proportionality to v/n. For the
sake of approximation, the formulae (10) and (11) can be applied up to the value A
N a

Mode 11 flow: X <M. The flow of Knudsen type occurs only to some distance
from the outlet, and in the remaining part of the tube the flow of Poisseuille type.
For the flow of Mode Il it is hard to obtain good collimation as only a part of
the tube participates effectively in the collimation process.

All the above formulae were derived on neglecting the influence of low-angle
collisions between the atoms (the effective cross-section of low-angle collisions can
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be significantly larger than the gaseous-kinetic cross-section), of diffusion of atoms
on the tube wall, and of the effect of choking of the flow by the outlet of the tube
(implied by a nonzero pressure at the outlet due to the cloud of atoms). The
influence of these factors was discussed by Becker [10] and leads to the corrected
value of x coefficient.

In the region X< a < I0OX which is important for the tube connecting the
container with the superheater one may apply neither Eq. (6) for the effusive flow
nor equations for viscous flow. In this case we refer to the empirical equation
given by Zuk [11] obtaining

N'=N 01472 Y (12
1+0.3342X i
where: Y= ¥ (Pi+P2)a
1+ 0.4126X’ 22

N is taken from Eg. (6) for molecular flow, and pj and p2 are the pressures in Pa
at both ends of the tube. We can calculate then

AT = — nvA, (13)
4x

-1
X' =x\0.1472j+ Y (14)

3. Source design

In Figure 2 a scheme of our two-stage source of atomic beam is presented. In order
to calculate its parameters we will apply the procedure similar to the one
employed by Lambropoulos and Moody [2] for a source with a diaphragm. The
notation used will be as follows:

Pi? Pi — pressures in the oven and superheater, respectively,

TIt T2 — absolute temperatures,

nl, n2 — atom densities,

A, = najs — area of cross-section of the connecting tube,

AO = kiig — area of cross-section of a single channel in the multicollimator,

Xi - geometrical Clausing coefficient of the connecting tube,

x0 — geometrical Clausing coefficient of the one channel in the multicollima-
tor,

x\' — Clausing coefficient from Eqg. (14),

x% — generalized Clausing coefficient defined by Eq. (8),
M — number of channels in the multicollimator,

vl,v2 — average velocities of the atoms,

X1, X2 — mean free paths,

jV| — intensity of the flow up the connecting tube,
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Nj — intensity of the flow down the connecting tube,
Nei — intensity of the outflow from the multicollimator,
m — mass of the atom.

2a0
—nl M_

Tz»P2>n2

Fig. 2. Schematic outline of the two-stage oven with a multicollimator
nozzle

Under the assumption that the effusion from multicollimator satisfies the
conditions for the flow of | or Il Mode, and the flow through the tube obeys the
Zuk criterion, we may write the following:

(15)
Since NT= N1+ Nef, we obtain

(16)
where

17)

Thus

(18)
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It is worth to note that N.[T does not depend explicitely on the superheater
temperature. In general, however, g depends on Tx. It is easy to find that

P2=PiJjt9 09)

and

20
2 flnS 2Pig

Having Eg. (18) substituted to Eq. (9) one obtains for the peak intensity

N N —
m?ls'ankTiNI y*f\A (21)
where x* is given by Eg. (20).

Equation (21) is valid when we consider the value of peak intensity at a very
long distance from the outlet of the multicollimator as compared with the
diameter of the whole multicollimator.

The pressure of the saturated vapour of alkali metals can be determined from

lgp, [Pa] = -j+B]gT+CT+D (22)

where values of the coefficients can be found from [12]. The set of Egs. (16H21)
allows the determination of main parameters of the source. Their application is
limited by the conditions

Ai >001la, and x2” a0.

4. Dissociation of alkali dimers

The process of dissociation of alkali dimers requires some detail considerations.
The rate of molecular dissociation, which for diatomic molecules runs along the
scheme AB+ C->A + B+ C, can be determined from the equation

g,Rgc 2nn (23)

where gABC gAB qc are the statistical weights of the transient complex ABC and of
its components AB and C, respectively, whereas D is the energy of dissociation of
molecule. Both dissociation and association processes are competing, so also A+ B
+C-AB +C.

The concentration of the dissociated atoms depends on the relative rate of both
processes at a given temperature. The ratio of these two rates is referred to as an
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equilibrium constant and is equal to

K —= + c~DK
) ,%b‘? (24)

In the case of thermal dissociation of the molecule consisting of two identical

atoms the equilibrium constant depends only on temperature and can be expressed
as

Ke(T) — (Patom) (25)
Pdimer
With regard to this, the ratio of partial pressures of dimers for different temperatu-
res of the superheater is

pAT2) =pa(T2 Ke(Ti) _ t2 Ke(Tl)

PATI) pi{TX Ke(T2 TxKe(T2
where the values pa{T) are substituted by the pressures in the superheater
calculated from Eq. (19).

The equilibrium constant can be determined on the basis of the known partial
pressures in thermodynamic equilibrium. For example, taking from Fig. 1 the

values of partial pressures for Tx= 523 K and T2= 673 K, we find Ke(Tx) =
4.2 x103 Pa and Ke{T2) = 265.8 x 103 Pa. Thus

PAT2IPATJ = 002,

which points to the fact that the superheater reduces effectively the number of
dimers.

(26)

5. Construction of the source

According to the scheme in Fig. 2 the source was built with the following
parameters: It=40 mm, a, = 15 mm, 10=6 mm, a0= 02 mm, M = 80. It was
used in the studies of multiphoton ionization of atomic potassium.

All the elements coming in contact with hot metal are made of stainless steel,
and the seals are made of copper. The multicollimator consists of the segments of
hypodermic needles. The furnace was heated with heaters made of Kanthal wire
(of 0.3 mm in diameter) wound on a ceramic tube and put inside another tube.
The numbers of such heaters in the oven amounted to six, and in the copper block
surrounding the superheater nine heaters were placed. Temperature was measured
by thermocouples placed in the holes in the oven and the superheater.

Total power required to maintain the temperatures Tx= 523 K and T2
= 673 K is of about 100 W, and for Tx= 463 K and T2= 610 K is reduced to
35 W. At the above temperatures the pressure in the container is px =7.16 Pa
and the atom density is nx = 9.9 x 1020 m~3. The mean free path in the container
is Xx = 1.04 mm. Under these conditions we can avoid tedious iterative procedure
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to find X and p in the connecting tube, and take for the total outflow x\ =x1
= 11, with the accuracy to few percents. In this case vx= 552 m/s, g = 0.44, n2
=385 x 1020 m~3 p2= 357 Pa, X2= 267 mm.

In other words, we are dealing here with the Mode Il outflow from the
multicollimator. Thus, we have v2 = 604 m/s, Ndf = 4.76 x 1016 atoms/s, x0 = 9.81,
7(0) = 1.48 x 1017 atoms/sr s, and at the distance of 10 cm from the multicollima-
tor outlet the atoms density is 25 xIO010 atoms/cm3. An essential parameter, for
practical reasons, is the time of emptying the container of potassium. Under the
conditions described above it reaches to about 90 h/g. Most of the measurements
have been carried out under the following parameters:

7i =468 K, T2=608 K, X2=24 mm, v2= 573 m/s,
iVvef = 5 x 1015 atoms/s,

7(0) = 19x 1019 atoms/sr s = 3.4 x 109 atoms/cm3,

Q = 860 h/g.

Observations of dimer concentration were carried out in the set-up devoted for
observation of three-photon ionization of atomic potassium [14]. lons were
generated by a strong laser field and observed with the use of time-of-flight
spectrometer. In the case of ionization of atoms the following process takes place:

K &ieV>K+ je

The decomposition of dimers can occur in a few different ways:

n k++ Kk -
K2m 7 K2++e 075 ey + K++e

K++K+e

only one of them giving molecular ion signals, which can be distinguished from
ionization of atoms. Nevertheless, these ionic signals could be used for the
evaluation of superheater eflectivity. In the case when the superheater was operat-
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in the temperature equal to that of the furnace, additional signals due to

dimers ionization were observed (Fig. 3). With increasing temperature of the
superheater this additional signal was decreasing to zero.

Since we had no available device to measure the density of atoms in the beam,

such measurements were not performed. However, the agreement between the
above equations and experiment was fully supported by the temperature depen-
dence of ionic signals obtained in the case of three-photon ionization of potassium
by the light of a ruby laser under its constant intensity. This dependence is
presented in Fig. 4. The theoretical dependence was obtained on the basis of Eq.
(22). The ionic signal is proportional to the density of atoms.

430

Fig. 4. lon yield as a function of the oven
temperature for three-photon ionization of po-
450 470 490 510 TIKI tassium
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YCNoBUA KOHCTPYKLUMM [BYXCTYMEHYaTOro UCTOYHMKA My4yka LUEOYHbIX aTOMOB
C MyNbTUKO/JIMMATOPHbIM OTBEPCTUEM

B pa6oTe OMMcaHbl YCNOBKUS KOHCTPYKLUMU ABYXCTYMEHYATOro MCTOYHMKA My4Ka LLENOYHbIX aTOMOB,
npeAHa3HaYeHHOro AN UCCNefoBaHUs MHOFOMOTOHHBIX MPOLEccoB. KOHCTPYKLMS UCTOUHMKA obecre-
YMBaeT MOMYYEHWE MHTEHCMBHOTO Mydyka C MajbiM PacXoXaeHuem U 6oniee HU3KOW KOHLEHTpaLuelt
OVMMEpOB Mpu He6OMbLIOM WCMO/bL30BaHUM MCCMEAyeMOro MeTansa.



