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An "atom buncher" for controlling the concentration of gaseous samples has been 
conceptualized, evaluated theoretically, fabricated, and tested with excellent results. In effect, the 
atom buncher greatly increases the probability that a free atom will be in a small detector volume 
at a desired time. This was accomplished by using cryogenic techniques to condense atoms on a 
small spot and a pulsed laser to momentarily heat the spot to release the atoms at the desired time. 
Our work on noble gas atom counting by using resonance ionization spectroscopy is discussed as 
one example of the applications of the atom buncher. 

PACS numbers: 35.1O.By, 51.90. + r, 07.20.Mc 

I. INTRODUCTION 

In the process of developing a Maxwell demon 1 having 
the capability of counting a few noble gas atoms we had to 
develop an "atom buncher." The need for an atom buncher 
arose from the fact that some of the applications2 of Max­
well's demon require counting 10-100 atoms of a particular 
isotope which are free to move in a 4-liter vacuum enclosure, 
yet our laser scheme which ionizes the atoms [in the Reso­
nance Ionization Spectroscopy (RIS) process3

] sweeps out a 
volume ofless than 10- 3 cm3 per laser pulse. In this process 
an unacceptably large number (> 107

) oflaser shots would be 
required to ionize and count all ofthe atoms. Thus, we con­
ceived of an atom buncher which would put a large fraction 
of the target atoms in the laser beam at the time of the shot, 
making the probability of ionizing and counting a given 
atom 10% or greater. 

Applications of isotopically selective atom counting 
could include solar neutrino measurements (81 Kr), {J-{J decay 
(82Kr, 128Xe, 130Xe), groundwater dating (81Kr), polar ice cap 
dating (81 Kr), and oceanography e9 Ar). The atom buncher is 
a key part of the apparatus for counting atoms for these and 
other applications. Furthermore, there are many other uses 
of a device for producing space and time correlations of free 
atoms and molecules. For instance, small clouds of a noble 
gas could be isolated in a vacuum system for more effective 
vacuum ultraviolet (VUV) generation with lasers, and small 
samples could be released into a vacuum for spectroscopic 
studies in applications similar to those of the pulsed nozzle. 
This paper describes, therefore, the atom buncher in a gen­
eral way to make it more accessible to these wider applica­
tions. 

II. CONCEPT OF AN ATOM BUNCHER 

The basic idea of the atom buncher is very simple, as 
shown in Fig. 1. A cold surface is used to condense the atoms 
of interest and a pulse oflaser light momentarily heats a thin 
layer of the cold surface. Atoms are evaporated as a conse-

quence of the laser heating and pass through a region of 
space just above the cold surface (the detector volume in Fig. 
1) after a short time offtight. Thus, there is a high probability 
that the atoms will be in the detector volume at the desired 
time. Long before atoms can return by random walk the 
surface is again cold enough to condense them. 

Physical adsorption of noble gases on cooled surfaces 
can be characterized by the concept of mean stay times.4 

Values for 'To and E for several noble gas/metal systems have 
been measured, where 'To is the preexponential factor and E is 
the heat of adsorption in the expression for the mean stay 
time 'T on a surface with temperature Ts: 

(1 ) 

Values for xenon and krypton on copper and nickel surfaces 
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FIG. 1. Concept of the atom buncher. In the steady state, noble gas atoms 
are condensed on a cold spot which can be heated in its entirety with a 
pulsed laser beam. Atoms are quickly released and are found in a small 
detector volume within a few microseconds after the laser is pulsed. 
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ranged from 10- 15 to 10-20 sec for 'To and from 0.22 to 0.28 
eV for E, depending on the surface treatment of the samples 
that were studied. We define a critical temperature Tc as the 
temperature where the mean stay time 'T is 1 J.Lsec. From the 
data published,4 one estimates that Tc e! 110 K for krypton 
and Tc e! 130 K for xenon, the exact value depending on the 
specific surface conditions. If a laser pulse can heat a surfaces 
and keep T> Tc for several microseconds, the whole noble 
gas sample, which is initially trapped on the cold surface, 
will leave the surface. In fact, it would be difficult to control 
Tc well enough to have only a fraction of the atoms leave the 
cold tip; essentially it is all or nothing. 

Recurrence times to a small area A in an open system of 
volume V are approximately 

(2) 

where v is the mean speed of the free atoms and E is the 
sticking probability. This recurrence time determines the 
number of atoms N in the free state at time t according to 

(3) 

where No is the number of free atoms at t = O. (The single 
exponential behavior assumes that all apertures in the vacu­
um system have an area which is large compared with that of 
the atom buncher.) Even where Vis one liter and A is a few 
(mm)2, tR can be as small as a few seconds; thus, noble gas 
atoms can be recycled reasonably rapidly. In our own appli­
cation where lasers are used for resonance ionization of no­
ble gases, it is not necessary, or even desirable, that all of the 
atoms be on the cold spot when the heating laser is pulsed. 
This is consistent with digital counting of individual atoms. 

To clarify the need for an atom buncher we discuss our 
own application in more detail. We are interested in count­
ing each atom in a small sample of a noble gas, e.g., a few 
hundred 81Kr atoms for solar neutrino and groundwater 
dating applications.2 It turns out that the volume (V) of an 
apparatus required so that a mass spectrometer can be used 
to provide isotopic resolution is about 4 liter. On the other 
hand, the laser system6 for generating VUV radiation at 
1165 A for one-photon excitation (the first step of resonance 
ionization) of krypton will saturate a volume (.J V) of only 
about 4 X 10-4 cm3

• The probability of counting in this inco­
herent case is Pj =.J V IV. To detect 95% would require 
nearly 3 X 107 laser pulses or 833 h with a system that pulsed 
at 10 times per second. In the coherent case the probability is 
Pc (t) = PbP/(.Jt), wherePb is the probability that an atom is 
on the buncher and p/(.Jt) is the probability that an atom 
leaving the cold tip is in the laser volume .J V after the laser 
delay .Jt. Suppose the laser volume .J V is defined by a laser 
beam that is about 0.05 cm in diameter and projects 0.2 cm of 
length onto a collection aperture; then.J V = 4 X 10-4 cm3• 

If the small detector volume is centered about 1 mm from the 
Cold tip, it takes about 10 J.Lsec for krypton atoms (at 120 K) 
to fill it ifthe atoms have a mean velocity distribution char­
acteristic or release at T= 120 K. In this case p/(.Jt = lO 
J.Lsec) can be as large as 2%. Therefore, Pc(t) = 0.02tL ltR , 

where t L is the laser repetition time and is small compared to 
the recurrence time t R • Assuming that most of the atoms are 
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free, we have Pc > Pj when t >(.J V IV) lOtR • For example, if 
.JVIV= 10-7

, tR = lO sec, and t=O.1 sec, we have 
Pc = 2X lO-4compared toPj = 10-7

• For a lowerlaser re­
petition rate, the enhancement of Pc over P j is even more 
dramatic; Pc approaches 2% when tL is long compared to 

tR • 

III. THEORETICAL CONSIDERATIONS 

In this section we present simple theoretical consider­
ations that were used for the design of a buncher with char­
acteristics chosen to suit the needs inferred in the Introduc­
tion. The compatibility of the design with the construction 
and durability of the device will be discussed in the next 
section. 

A. Calculation of the steady-state temperature profile 

We first consider the calculation of the temperature 
profile for the tip of the cold finger shown in the design of 
Fig. 2. In the absence of radiative heating and in the steady 
state, the total heat flow down the nickel rod to the liquid 
helium is the same as that down the 304 stainless steel cylin­
der. Let this constant heat current be I and define the ther­
malconductivitYK(T)throughJ = - K(T)VT, whereJisthe 
heat current density and Tis the absolute temperature. Ifwe 
define UNdT) = S6KN;(T') dT' for the nickel rod, then 

UN;(TI ) - UN;(To) = + IL~, (4) 
1TR 0 

where LI is the distance from the liquid helium reservoir to 
the nickel disk, Ro is the radius of the nickel rod, K Ni (T) is the 
thermal conductivity of the nickel rod, To is the temperature 
at the liquid helium reservoir,TI is the temperature of the 
nickel where it joins the stainless steel disk, and I is the total 
heat current, assumed constant. 

Further, let T2 be the temperature of the stainless steel 
disk where it joins the outer 304 stainless steel jacket, R I the 
radius of the stainless steel disk, U,(T) = S6K,(T') dT',Ks(T) 
the thermal conductivity of stainless steel, J.LI the thickness of 
stainless disk, and J.L2 the thickness of the stainless steel jack­
et. 

Considering the thin stainless disk, we find 

Us(T) - Us(Td = _I_ln[!i.-]. (5) 
21TJ.L1 Ro 

The logarithm arises due to the requirement that in the disk 
JIp)21TPJ.L1 = I = constant. We now consider the outerjacket 
with length L 2 : 

Us (T3 ) - Us (T2 ) = IL2 , (6) 
21TRiJ.l2 

where T3 = 290 K and L2 extends from the disk to the point 
where the thickness of the stainless becomes much greater 
(i.e., L2 = 25.4 mm) and is thus a heat sink at room tempera­
ture. Therefore, 

Us(T2 ) - U.(TI) = _I_ln[~] 
21TJ.L1 Ro 

= Us(T3 ) - Us(Td - IL2 (7) 
21TRiJ.l2 

Hurst 9fa/. 1279 
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Using Eqs. (4) and (7), we get 

1TR 6 
Us (T3) - Us(T1) = [UNdTtJ- UNdTo)]--z-

X [ L2 + _1 In(liL)] 
21TRtJl2 21TJ-ll Ro . 

(8) 

SinceT3 = 290 K and To~4.2 K, the only unknown in Eq. (5) 
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FIG. 3. Calculations of the temperature profile of the buncher tip for the 
steady state and some representative stay times for krypton atoms at various 
distances from the center of the disk. 
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FIG. 2. Schematic diagram and some construc­
tion details for the cold tip portion of the atom 
buncher. 

is T]. Thus, if we fit polynomials to Ks and KNi 

N 

K(T) = I Cn Tn, 
n=O 

N C T n + I 

U(T)=I n , 
n=O n+l 

we can find the real positive root of the polynomial in Eq. (8) 
for the value of T]. Using actual data for fitting K for nickel7 

and stainless steels with a fifth-order polynomial, we find 
T] = 7 K. Once T] is determined, the heat current can be 
determined from Eq. (4). With both TI and I now known we 
can use Eq. (5) to determine R values on the disk at which a 
temperature T occurs, i.e., 

R (T) = Ro exp{ 27 1 [Us(T) - U,(T])]}. (9) 

The calculated temperature profile for the design of Fig. 2 is 
shown in Fig. 3. Representative stay times are shown at sev­
eral values of the distance from the center of the buncher. 
The radius of the heating laser beam must be made large 
enough so that the stay time at that radius is not so long that 
atoms may "hide" from the pulsed laser beam. The meaning 
of the term "hide" depends on the application of the atom 
buncher. 

B. Calculations of the laser heating transient 

We now discuss the characteristics of a pulsed laser­
induced temperature transient for the actual design of Fig. 2 
to determine the conditions required for the release ofkryp­
ton atoms from the cold surface. 

When light at about 6OOO-A. wavelength is incident on 
nickel or stainless steel, about 60% is reflected; the other 
40% is absorbed within - 200 A. of the surface. We first 
consider the heating of the nickel surface since it has a higher 
thermal conductivity and is therefore harder to heat with the 
- 1.4 J-lsec laser pulses to be used experimentally. The nickel 
center of the cold spot has a diameter of 1 mm; and since the 
laser light is absorbed near the surface, a one-dimensional 
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treatment of the heat transport problem is appropriate. We 
need to solve the equation 

ao =_I_{~[K(T)ao] +S(X,t)}, (10) 
at pCv(T) ax ax 

where K(T) is the thermal conductivity, Cv (T) is the specific 
heat,p is the density, 0 = T - T1, Tis the absolute tempera­
ture at x and at time t, Tl is the absolute temperature before 
the laser pulse, independent of x and t, and S (x,t) is the 
amount of heat absorbed per unit time per unit volume at 
(x,t). 

Initially, Tl is about 7 K and in this region Cv is of the 
form 

1217"4 R 3 
Cv=--(T/Oo) +rT, (11) 

5 M 

where M is the atomic weight, R is the ideal gas constant, and 
00 is the Debye temperature. The T3 term is due to lattice 
vibrations (harmonic) while the rT term is the sum of the 
electronic and the anharmonic vibrational contribution to 
specific heat. For nickel, 00~420 K. The above functional 
form of Cv is appropriate for nickel at temperatures below 
150 K. 

The thermal conductivity of nickel at low temperature 
is very sensitive to impurities. The high purity (99.998%) 
sample used in our design has 

K(T)~2.3 X 106 [erg/sec K2 cm] T, (12) 

for 0.4 K < T < 10 K. Between 10 and 100 K, (T) varies 
between 2 X 107 erg/sec K cm and 4 X 107 erg/sec K cm with 
the maximum conductivity occurring at T - 30 K. Nickel 
exhibits typical metal behavior, having temperature inde­
pendent K(T) above 00 , 

We see that both Cv(T) and K(T) exhibit rather sharp 
temperature dependences for 7 K < T < 150 K, making the 
heat flow equation nonlinear and thereby excluding the pos­
sibility of an exact analytical solution. The very thermal 
properties that made it possible to construct the atom 
buncher by welding techniques complicate the understand­
ing of the laser heating transient. 

We now discuss explicitly the laser heating of a nickel 
surface. We first note that at very low temperature pCv is 
very small and that the diffusiveness D = K(T)/pCv(T) is 
correspondingly large. Thus, the absorbed heat initially 
spreads out very quickly with 
j2~fb{K[T(t ')]!pCv [T(t ')ndt', where j2(t) is the mean 
squared depth over which the heat is spread. However, with 
a very small Cv(T) it takes very little heat per unit volume to 
cause a significant temperature rise; thus, in spite of rapid 
diffusion, the temperature at the surface rises rapidly during 
the very early part of the laser pulse. Also, the peak tempera­
ture (say 120 K) is quite insensitive to the initial temperature 
(say 7-20 K). 

In the region between 20 and 150 K no serious error is 
made if we use pCv =AT3, and K(T) =Ko = con­
stant = 2x 107 erg/cm sec K. With these simplified forms 
for K(T) andpCv(T) the heat flow equation becomes 

ao a 20 Q 
AT 3

_ = KO--2 + ..=!!..S(t h) a(x), x;;.O. (13) 
at ax r 
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Above, we assume that the energy is absorbed in a very thin 
layer near the surface and that the laser pulse shape is given 
by S (t h), where r is a measure of the pulse length, Qo is the 
total absorbed energy per unit area, and 

fO'S(w)dw = 1. 

Noting that Tl is constant we change to dimensionless varia­
bles u,v,w where 

T= (QUKorA )1/5U(W,V), 

t=rw, 

x = (K6r4/AQ~)1/5v. 

The heat flow equation becomes 

au 1 ~u 1 
-=--+-S(w)a(v), 
aw u3 av2 u3 (14) 

where u is to be solved for subject to the conditions 

u(O,v) = u(oo,v) = u(w,oo) = (KorA /Q~)1/5 Tl 

= (KorATilQ~)1/5. 

The numerical studies of T show that the maximum tem­
perature attained, T m' is independent of Tl as long as 
Tm/Tl>l, and this suggests that the solution for u is inde­
pendent of u(O,v) as long as u(O,v)< 1. In the same way, as long 
as Ko, r, A, T I, and Qo are such that u(O,v)< 1, the solution for 
u(w,v) is also independent of these parameters. This solution 
for u(w,v) then gives the proper solution for all Qo, r, and TI 
as long as they are such that the predicted T m > TI • Thus, 

T(x,t) = (Q~/KorA )1/5 u[;, (AQ~/K6r4)1/5x]. (15) 

The function u(w,v) has been studied numerically for 
0.05 < u(O,v) < 0.3 for the particular functional form 
S (w) = we - w. In all cases the peak u is near w~2.4 where 
the value of u(2.4,0) -1.15. A very small variation (3%) is 
observed in the peak value for initial values of u(O,v) any­
where in the range of study. Thus, Tm is given by 

Tm~1.15(Q~/KorA )1/5. (16) 

The decrease in T(O,t) following the peak is very slow. For 
instance, for t = 25 r 

T(t) = Tm/{ 1 + ~ [(t h) - Umh)] J1/5. (17) 

The value of T m is not strongly dependent on pulse shape, 
and the decay of T following the laser pulse is only very 
weakly dependent on pulse shape. 

Figure 4 shows u(w,O) (i.e., proportional to the surface 
temperature) for the initial conditions u(O,v) = 0.1, 0.2. For 
nickel we use K(T) = 2X 107 erg/cm sec K,pCv(T) = 4OT 3 

with CulT) = 40T 3 withpCv in units of erg/cm3 K. For the 
laser parameters we user = 8x 10- 7 sec, Qo = 0.284J/cm2

, 

and find T m ~ 120 K. Since T m ex: Q ~/5 / r l/5 the value of T m 
for other Qo such that T m /TI > 4 is easily estimated. For 
instance, if r = 8 X 10-7 sec and Qo = 0.142 J/cm2, we have 
Tm = 120 K/22/5~91 K, which is about the temperature at 
which krypton would start to be released from the surface 
(see the stay times in Fig. 2). 

A similar treatment can be presented for stainless steel. 
Stainless steel and nickel have a very similar Debye tempera-
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ture, and for T> 20° they have similar specific heats. How­
ever, K(T) for stainless steel is much lower than that for nick­
el. In particular, for 7 K < T < 120 K we can use 

K(T) = cT= 104 T 
for stainless steel, where T is in K and K(T) is in ergl 
cm sec K. If we let 

T(x,t) = (Q ~/Ac1') 1/6U [ ;,(QoA Ic2r) 1/3X ] (18) 

and u = z'l, the heat flow equation becomes 

az 1 
- = -[(J2zlav2

) + 2S(w) 8(v)]. aw z 
(19) 

The insensitivity of T m to initial temperature for stainless 
steel is even more pronounced than for nickel since at low 
temperature the diffusiveness is not as large (for small T) in 
stainless steel as in nickel. Again, u(w,v) will be insensitive 
near its peak to u(O,v) if u(O,v) < 1.0, i.e., if T m ITI > 1. This is 
demonstrated in Fig. 5 where u(w,O) is shown for u(O,v) = 0.1 
and u(O,v) = 0.4. Thus, for stainless steel 

Tm = 1.17(QUAc1') 1/6. (20) 

With Cu = 4OT 3 in cgs units, C = l.OX 104, and 
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100 

1'=8XIO- 7 sec, we find that for Qo=0.142 J/cm2
, Tm 

= 159 K. As expected, stainless steel is much easier to heat 
than nickel. With Qo = 0.0355 J/cm2 (a factor off our less), 
we obtain Tm = 159 K/4 1/3 = 100 K. In general 
T m 0::. Q b/311' 1 16. With the shorter pulse, l' = 8 X 10-9 sec, 
the value of Qo = 0.0142 J I cm2 will give a rise to 159 K. 

C. Calculation of atoms in flight 

We have seen earlier that the stay time of krypton on 
metal surfaces is of the fonn l' = 1'0 exp[3000IT(K)], where 
10- 19 sec <;1'0 < 10- 13 sec. Thus, the atoms are all evaporat­
ed at essentially the same time because of the rapid variation 
of stay time with temperature. Consider distances away from 
the cold surface which are small compared with the radius of 
the cold region (originally with T < 110 K). The fraction of 
the released atoms between x and x + dx at time l' following 
their release is 

"'(J xmdx - (mx
212kT,r') 

r4 X= ---e 
rkTc ' 

(21) 

where m is the mass of released atoms, k is the Boltzman 
constant, and Tc ~ 110 K. This simple expression holds if the 

100 

FIG. 5. Graph of u(w,O) for a stainless steel tar­
get, demonstrating for u(O,u) = 0.1 and 0.4 the 
approximate independence of peak temperature 
on initial conditions as long as uIO,v)< 1.17. This 
curve predicts the surface temperature transient 
when a low temperature stainless steel surface is 
heated by absorbing an amount of energy Qo 
J/cm2 from a laser with pulse length parameter 
7' through the relationship TIO,t) 
= (Q~/AC7')1'6U[(t/T),O]. 
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maximum temperature T m is at least 130 K over the larger 
part of the cold surface. In this case there is essentially no 
spread in the time of release (which occurs very near the time 
at which Tbecomes greater than 110 K). 

Figure 6 shows the plot of Eq. (21) in two forms. The 
variation of F with distance at various fixed times F(x)t is 

convenient for evaluating the probability PI (..::it ) that the 
atoms will be ionized in the laser beam of a finite diameter at 
a time delay ..::i t. The form F (t)x is convenient since the delay 
time to maximize the signal can be quickly determined ex­
perimentally, and hence the distance of the laser beam to the 
buncher surface can be estimated. 

IV. EXPERIMENTAL TESTS 

The atom buncher was designed for use ofliquid helium 
as a coolant. Most of the dimensions were chosen such that 
the buncher could be used inside the ionization region of a 
quadrupole mass spectrometer. The materials were chosen 
according to their function in the system, as will be shown. 

Coupling the liquid helium to the cryotip was accom­
plished by using high purity (99.998%) nickel. Nickel can be 
easily brazed to copper and it can be laser welded to stainless 
steel. Furthermore, the thermal conductivity of nickel is 
high enough that only a 3 K temperature rise is introduced 
between the liquid helium reservoir and the cryotip. Finally, 
nickel is easily heated by absorption of energy from a pulsed 
laser. 

Stainless steel (304) was chosen for the thin disk materi­
al of the cryotip. This type of stainless steel is easily rolled to 
the desired thickness and laser welded to nickel. The low 
thermal conductivity of this material is suited to defining a 
small cold spot through large temperature gradients, as 
shown in the above theoretical treatment. 

The resistive tube, the body, and the mounting flange 
were constructed from one piece of 304 stainless steel. The 
low thermal conductivity of the thin tube lowers the overall 
heat load of the system. The body is the heat source for the 
device, so the walls were made as thick as possible to com­
pensate for the low thermal conductivity of stainless steel. 

The remainder of the system consists of the flow lines to 
transport the liquid helium from a lOO-liter dewar to the 
reservoir (which is exhausted into the room) and a vacuum 
shroud for insulation of the flow system. 
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FIG. 7. Experimental tests ofthe atom buncher. 
A small Geiger-Mueller counter was used to 
view the 85Kr atoms remaining on the cold tip as 
a function of time ( = 0.9 sec/channell. Each la­
ser pulse causes nearly all of the atoms to leave 
the cold surface, as shown in the top portion of 
the figure. See text for additional interpretation 
of this figure. 
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An apparatus was built to test the atom buncher with 
krypton. It consisted of a vacuum chamber with a window 
for the laser to pass through, an Amperex model 18550 Gei­
ger-Mueller (G-M) tube, and a source of 4% enriched radio­
active 85Kr gas. A getter pump for impurities other than 
noble gases was installed so that the system could operate 
without additional pumping for the duration of the tests. 
The G-M tube was positioned as close to the cryotip as pos­
sible in order to monitor the count rate on the surface with­
out interferring with the heating laser. A multichannel scaler 
was used to display the count rate as a function of time. 

Figure 7 illustrates representative data obtained from 
the tests. The top graph shows that the atoms do come off of 
the surface during each individual laser pulse and return to 
the surface with a recurrence time on the order of 10 sec. The 
center graph illustrates what happens when the laser irra­
diated the surface at a I-Hz repetition rate. The measured 
count rate is consistent with the recurrence time measured 
for single laser pulses. This graph also demonstrates that the 
krypton atoms are sitting on the surface in an area that is 
being heated by the laser. If the entire cold surface were not 
being heated to > 100 K, the count rate would steadily in­
crease because all of the atoms would eventually collect (i.e., 
"hide") on the unheated area. The lower graph represents 
the background count rate from the G-M tube when the 
buncher is at room temperature with approximately 
I X 10-5 Torr of the 85Kr sample in the cell. 

Tests on one of the previous designs led to the belief that 
part of the cold surface in that design was not being heated 
by the laser pulse, due to an observation that the count rate 
no longer dropped when the surface was heated by the laser 
light. The studies reported herein, using our improved de­
sign and a better vacuum system, suggest that the early prob­
lem was due to an accumulation of outgassing products 
(such as H20 vapor) on the cold surface. The "ice" that 
forms traps the krypton, and the heating laser could not sup­
ply enough energy to melt the ice to release the trapped gas­
es. 
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V.SUMMARY 

An atom buncher, which can dramatically increase the 
probability that an atom (or gaseous molecule) will be in a 
given region of space at a prescribed time, has been concep­
tualized, designed, constructed, and tested. We have proven 
experimentally that the device works well by using radioac­
tive 85Kr as a test atom. 

Applications for laser ionization (RIS) have been de­
scribed as examples of wider applications. These wider appli­
cations could include their use in VUV generation wherein 
small gas bubbles are created inside a vacuum system. Other 
conceivable uses could be in nozzle replacements for certain 
atomic, molecular, or ion beam generation. 
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