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Abstract

Hydrodynamic instability phenomena in a thin liquid lithium film, which has been
proposed for the first stripper in the driver linac of Rare Isotope Accelerator (RIA), were
discussed. Since it was considered that film instability could significantly impair the
feasibility of the liquid lithium film stripper concept, potential issues and research tasks
in the RIA project due to these instability phenomena were raised. In order to investigate
these instability phenomena, a research proposal plan was developed. In the theoretical
part of this research proposal, a use of the linear stability theory was suggested. In the
experimental part, it was pointed out that the concept of Reynolds number and Weber
number scaling may allow conducting a preliminary experiment using inert simulants,
hence reducing technical difficulty, complexity, and cost of the experiments. After
confirming the thin film formation in the preliminary experiment using simulants,
demonstration experiments using liquid lithium were proposed.



Background

Progress in nuclear physics using various accelerators has greatly expanded our
knowledge on matters. However, since only stable nuclear species can be accelerated by
these conventional accelerators and also used as a target material, almost all our
information in nuclear physics are limited to those of relatively stable nuclei. Lack of
information on unstable nuclei has prevented us from understanding fundamental nuclear
physics. For example, even the origin of heavy elements is not well understood, since
they are thought to be created through the cascade of nuclear reactions involving unstable
nuclei. To extend our knowledge on the unstable nuclei, several new accelerator projects
to produce unstable isotope beams are planned worldwide [1,2]. One of these is the Rare
Isotope Accelerator (RIA) project in the US [3,4]. The RIA would open a wide window
of research in physics, including study on the nature of the nucleus and the origin of
heavy elements as well as experimental examinations of the theoretical models on the
creation of these elements in events such as supernova explosions. In addition to these
immediate contributions to physics, applications of the isotope beam could be found in
many other areas such as in material science or in nuclear medicine [5,6].

The basic and main elements of the RIA facility include a driver linear accelerator
(linac), target, fragments separator, and post accelerator, as shown in Figure 1 [3,4].
Independent efforts to develop these components are currently being carried out at
several locations in the US. However, existing facilities and technologies at ANL could
allow The Laboratory to be in the leading position for development and construction of
these critical components.

One of the challenges in the RIA project is developing a high power driver linac,
which is capable of accelerating the variety of heavy ions to high energy. For an ion
accelerator in general, heavy neutral atoms are initially ionized to a certain charge state in
a driver ion source, such as an Electron-Cyclotron-Resonance (ECR) ion source in which
ionization takes place by collisions with high-energy electrons. The ions are then
injected into the accelerator section and accelerated in an electromagnetic wave. To
accelerate the charged ions more efficiently over a given length and field strength,
increasing the charge state, thus, increasing the charge-to-mass ratio is important [7].
The electron stripper is used for this purpose. As the ion beam passes through the
stripper material, the electrons are stripped off from the ions by means of charge
exchange, producing ions at different charge states. Multiple charge state operation of
the linac using superconducting accelerators enables the system to accept several
different charge states, enhancing the beam output power by more than a factor of 10 for
Uranium ions. More than one stripper could be employed to achieve even higher charge
states for efficient acceleration for heavy ions at different energies [8].
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Figure 1. Schematic Layout of RIA Facility.

A stripper material could be solid, liquid, or gaseous, as long as it strips electrons
from ions and can handle a large energy input from exposure to the beam. A gas stripper,
which typically consists of a differentially pumped chamber filled with a gas, could be a
good choice for certain situations, since the gas would not be damaged by heating from
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Figure 2. Schematic of Liquid Stripper.

the beam. At high beam energy,
however, the obtainable charge state
could become significantly lower than
when a solid or a liquid stripper is
used [9]. In addition, when the gas is
heated up after exposure to the beam,
the gas density will change, although
the stripper itself is physically intact.
As a result, the  stripping
characteristics may deviate from
nominal values, perturbing the beam
quality [10]. To avoid heating
problems, it is necessary to circulate a
large amount of gas or to increase the
gas pressure, which would lead to
difficulty in confining the gas in the
high vacuum accelerator environment.



A solid material with low vapor pressure would not contaminate the high vacuum
environment; instead, thermal management and the radiation damage of the stripper
become the main technical issues. One type of solid stripper is a thin film mounted on a
rotating wheel [11]. As the wheel rotates, the energy input to the film is spread and the
portion of the film previously exposed to the beam is cooled while that heated section is
away from the beam line. There are disadvantages of this method, however. Any slight
variation in the thickness of the film along the circumference of the wheel would cause a
change in the stripping characteristics, which would disturb the beam quality. To
effectively accelerate such a disturbed beam, a complex dynamic tuning of the
accelerating field and phase would be required in the down stream [9]. Furthermore,
when beam power is increased, the lifetime of the stripper is shortened by the intensive
radiation damage and heating. Eventually, the instantaneous power deposit will reach
such a level that any solid material would immediately melt or vaporize [9]. Therefore,
for the stripper employed in a high-power ion beam system such as RIA, the use of a
liquid stripper seems more attractive than a gaseous or solid stripper. Since the working
liquid must have good thermal properties in order to remove very high heat input and
preferably low vapor pressure, the use of liquid metals appears most promising [9]. A
liquid film stripper proposed for use in RIA is schematically pictured in Figure 2.
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Figure 3. High Power Electron Beam Irradiation on Liquid Lithium Jet at ANL.



Recently, feasibility of using liquid lithium (Li) as a target for RIA was
investigated at ANL. Experiments were conducted to verify the capability of the liquid
Li jet to carry large amount of heat deposit in a high vacuum environment in an
accelerator. The experimental setup consisted of the Dynamitron electron beam
accelerator, the beam line, and the Li loop. Because of high radiation level during the
experiments, the setup had to be operated remotely. The Dynamitron is capable to
generate up to 20 mA electron beam at 1 MeV (= up to 20 kW). This high power
electron beam was steered, focused in the beam line and delivered to the Li jet issued
from the rectangular nozzle (5 mm x 10 mm cross section, see Figure 3) in the Li loop.
Preliminary analysis showed that 80% of the beam power was deposited in the Li jet and
the rest was emitted as X-ray to surrounding structures. Two viewports were mounted to
the Li loop near the nozzle for illumination and observation purposes. In the loop,
lithium was maintained in a liquid form under vacuum and circulated by the DC electro-
magnetic pump during experiments. Bulk Li temperature was typically maintained at
200 — 220 °C, however, it could increase to ~280 °C when the high energy beam was
applied for long period of time (more than several minutes). The Li jet velocity could
reach at as high as 7 m/s. During experiments, the digital video camera recorded the
liquid Li jet through the viewport as shown in Figure 3 and temperatures at various
different locations on the Li loop and the pressure in the Li loop were monitored.

It was experimentally shown that the irradiation of the high power electron beam
on the liquid Li jet did not disturb the Li jet at all (Figure 3). Despite the large heat input
to the very small area (spot of approximately 1mm in diameter) on the jet, no visible
indication of severe local vaporization of Li nor significant increase in the background
pressure of the Li loop were observed. In contrast, when a 1 kW electron beam was
applied to the solid Li, the beam immediately melted and subsequently boiled Li. These
observations manifested the superiority of the liquid target concept over the solid target
concept in high power accelerator applications. Details of the experiment can be found
elsewhere [12,13]. Due to similarity in existing technical issues in the liquid target and
stripper concepts, this justification is also valid for the stripper applications. These
experimental results obtained at ANL are very promising and support the development of
the liquid Li stripper for the RIA. Specific issues and tasks associated with the
development of such a liquid stripper are discussed in the next section.

Detailed Technical Issues and Tasks

Although the use of a liquid metal as an electron stripper has potential advantages
over gaseous or solid materials, there are technical issues that need to be considered. If
Li is used as a working fluid, a preliminary investigation, from the viewpoint of nuclear
physics, indicates that the optimum thickness of such a liquid stripper could be as little as
~10 um, depending on the beam energy [9]. To provide consistent stripping
characteristics, the shape, especially, the thickness of the film must be kept constant and
stable. In addition, to avoid excessive vaporization of the liquid, the mass flow rate of
the jet must be high enough to remove the thermal energy deposited in the film from the
beam without a significant temperature rise. Therefore, producing a very thin, stable film



jet with a high flow rate in a vacuum environment is a key element in the development of

a liquid stripper [3,9].

A jet issuing from a nozzle has been investigated for more than a century. It has
been shown that a liquid jet emanating from a nozzle is inherently unstable, although the
viscosity of the liquid tends to stabilize the jet. This means that a slight disturbance in the
jet is spontaneously amplified and the jet eventually breaks up into small droplets, which
is caused by capillary pinching [14]. Jets with higher viscosity remain intact longer than
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Figure 4. Evolution of Circular Jet in
Vacuum.

jets with lower viscosity. Figure 4 shows
two different modes of instabilities for the
circular jet: (a) absolute instability, and
(b) convective instability depending on
their characteristics. In general, as the jet
velocity, U, increases, the instability mode
shifts from absolute to convective. In
addition to these instabilities, if the liquid
jet is issuing into a non-vacuum
environment (for example, air), as the jet
velocity further increases, the inertia force
of the surroundings relative to the surface
tension force of the liquid becomes
significant and the breakup of the liquid
jet due to “atomization” starts dominating
that due to capillary pinching [14]. Since
the proposed liquid stripper will be
constructed in vacuum, this will not be an
issue. Thus, the following discussions are
only for the case in which the inertia force
of the surroundings relative to the surface
tension force of the liquid is negligible.

Absolute instability occurs when
the surface tension of the fluid is
dominating over the inertial force of the
jet. This is the case that the fluid velocity
is small. A disturbance propagates both in
space as well as in time. Thus, the liquid
does not form a stable jet, but forms
droplets as soon as it exits from the nozzle
as shown in Figure 4a. Obviously, it is
not possible to operate the liquid stripper
in this regime. As the jet velocity
increases, the inertia becomes dominant
and the instability shifts to the convective
mode, in which a disturbance propagates



and grows only in the downstream direction.
Because the disturbance does not grow in time,
as the liquid exits from the nozzle, a continuous
jet is formed that extends to the point at which
the spatially growing disturbance in the jet
eventually breaks up the jet as shown in Figure
4b. It is theoretically shown that only specific
disturbances can actually appear on the surface
of the jet. For example, for a circular jet, only
axisymmetric disturbances along the flow
direction appear, because non-axisymmetric
disturbances are attenuated [15]. For a film jet
(two-dimensional rectangular jet, as shown in
Figure 5), only sinuous (or bending) and
dilational (or varicose) disturbances can exist.
The sinuous mode grows faster than the
. Ty dilational mode [16]. Therefore, the sinuous
Sinuous Dilational = mode is assumed to be responsible for the
wave wave breakup of the film jet [17]. When the amplitude
of the disturbance imposed on the jet grows large

enough, finally capillary pinching due to the

Figure 5. Side views of Sinuous surface tension of the fluid causes the breakup of
and Dilational Disturbances in the jet. In Figure 4b, L; represents the length of
Film Jet. the continuous portion of the jet, which is called

intact length [14].

The intact length, L; for a circular jet is schematically presented as a function of

the jet velocity, U in the bottom of Figure 4. In higher jet velocity ranges (dashed line in
the bottom of Figure 4), no experimental measurements in vacuum have been reported,
and thus, the intact length of the jet is not known. However, when atomization is
negligible, experiments in air show that the intact length of the circular jet decreases as
the liquid in the jet becomes turbulent [18]. Therefore, it is reasonable to assume that as
the velocity of the jet further increases in a vacuum environment, turbulence in the jet
prevents the intact length from extending indefinitely. Since jet instability phenomena in
a vacuum involve only the surface tension, viscous force, and inertial force, the intact
length is expected to be a function of these three parameters and characteristics of the
applied disturbances. The intact length of the jet strongly depends on the amplitude of
the initial disturbance and the size of the liquid jet, in other words, it depends on the
physical dimensions of the nozzle, the surface finish of the nozzle interior, externally
induced pressure fluctuations in the fluid, and other mechanical vibrations, etc.
Especially, the quantities such as surface finish, pressure fluctuation, and vibration in the
real system are extremely hard to determine. Therefore, it is not reasonable to
theoretically estimate the maximum intact length with a high degree of accuracy, unless
disturbances with known characteristics that dominate all other disturbances with



unknown characteristics are imposed on the jet. Thus, to determine the intact length of
the jet for the present purpose, an experimental measurement is necessary.

Although theoretical estimates of the intact length of the jet are not practical in
reality, theoretical studies on the instability using linear stability theory have been quite
successful in providing qualitative descriptions of the breakup and predicting the
existence of instabilities. This information would greatly narrow the range of conditions
needing to be experimentally explored. In the analysis using linear stability theory, the
disturbance is expanded in Fourier Series and each term is represented by a complex
sinusoidal wave function, %, expressed as [15,16,17,19],

¥ = gexpi(kx — at), (1)

where ¢ is the amplitude of the initial disturbance, k is the wave number, X is the distance
taken along the stream direction,  is the frequency, and t is time. A small disturbance is
imposed on the jet, which satisfies the set of transport equations including the mass
conservation equation and the Navier-Stokes (momentum) equation, forming a set of
non-linear differential equations. Linearlizing these differential equations yields the
eigenvalue problem for the wave number, k, and the frequency, w. If any complex
eigenvalues for the frequency, o, are found and Re(-iw)>0, the exponent in eq. (1)
increases with time and the disturbance will grow in time, corresponding to the case of
absolute instability. On the other hand, if all eigenvalues for the frequency, @, are found
to be real or Re(—ia))<0, the exponent in eq. (1) does not increase with time and the
disturbance in the jet will not grow in time. This case corresponds to convective
instability. Although this approach can identify the mode of instabilities, the linearlized
differential equations are not adequate to describe the spatial behavior of the jet. To
theoretically calculate the intact length, the original non-linear differential equations must
be solved with a precisely known initial disturbance, which is not available. Thus, the
spatial behavior of the jet cannot be theoretically obtained.

An example of a typical stability diagram is presented in Figure 6. This figure
conceptually maps the regions of instability using the Weber number, We, and the
Reynolds number, Re, which are the ratios of the inertia force to the surface tension force
and of the inertia force to the viscous force, respectively. The Weber number and the
Reynolds number are expressed as [20],

2
_A Rh,and Re:pUR“, 2)
o )7

where p is the liquid density, U is the average jet velocity, R, is the hydraulic radius of

the nozzle, o is the surface tension of the liquid, and « is the liquid dynamic viscosity.
Figure 6 shows that in the region where We >We_, , one has a convective instability and

where We <We_,, one has an absolute instability. We.; is the critical Weber number
and is expressed as a function of Reynolds number [19,20]. Also in this figure, the

We




\\\\\\'i\;\;;}\;;\r Turbulent rsgitl)_n W:efrle Re_< F;eCR indlicates that
: »~ the hiquid flow In the nozzle remains

§ \\ P laminar at the exit of the nozzle,
-} convective instability ' spouting out smoothly without any
b | Re in_ternal disturbances forming the jet
£ AL |K CR  with constant shape, whereas the
= : I region of Re>Re. is where the
o) I liquid in the nozzle reaches turbulent
© absolute instability and the liquid jet at the exit of the
< . nozzle is expected to be wavy,
We g =f(Re) : shortening the intact length, which is

not suitable for stripper operation.

Reynolds Number, Re The smooth jet formation with a finite

length is expected only in the shaded

Figure 6. Schematic Representation of area in Figure 6. Conducting
Stability Diagram for the Jet in Vacuum. experiments to measure the intact

length to assess the feasibility of the
liquid stripper is necessary only in this
shaded area.

Based on the above discussions, tasks for developing a thin film liquid stripper are
twofold:

1) theoretical analysis of the film instability using linear stability theory
to obtain a stability diagram. This diagram will provide the range of
design parameters, such as nozzle width and the film velocity, that are
potentially capable of producing a stable, smooth film, and

2 experimentally test the nozzle fabricated within the design range to
measure the actual intact length of the film jet and to confirm that the
intact length of the film is sufficient to be used as a stripper.

Proposed Research Methods and Plans

The ion beam primarily considered to be stripped in RIA is a Uranium (U) beam.
Since it has the heaviest mass among all other stable ions, stripping a U beam to increase
the charge-to-mass ratio would be expected to result in the most effective improvement in
acceleration. The driver linac for RIA is designed to produce 2.5x10* U ions per
second at 400 kW. Two strippers are planned to be installed at two different locations in
the beam line at which the beam energy is ~10 MeV/u and ~85 MeV/u, respectively. The
primary candidate for the working fluid is liquid Li. Numerical calculations show that Li
(Z = 3) yields higher charge states at energy at ~10 MeV/u than other materials with
higher atomic number [21,22]. Lithium has a relatively low melting point, low vapor
pressure, low density, and good heat capacity [23]. These characteristics greatly reduce
the complexity of designing a liquid stripper. Preliminary study has shown that the



optimum thickness of the Li film at the lower energy is ~10 um and that at the higher
energy is ~400 um. The required film velocity to avoid excess vaporization of Li is ~50
m/s with a beam diameter of 2 mm. The corresponding energy depositions are estimated
to be ~380 W and ~5 kW in the strippers at the lower energy and at the higher energy,
respectively [3,9]. These requirements from the viewpoints of nuclear and thermal
properties will be confirmed and refined as necessary. To maintain low vapor pressure,
the operating temperature of Li is set at slightly above its melting point (~473 K).
Physical properties (density, p, surface tension, o, and dynamic viscosity, ) of Li needed
to calculate We and Re and vapor pressure, p, can be expressed as functions of
temperature as [24],

0.467
=
Kg/m?®) = 278.5—-0.04657T +274.6x|1—-—— , 3
p(Kgm?) <255 ©
o(N/m) =0.398-0.147x107°T , (4)
u(Pa-s) = exp(—4.164—0.6374>< InT + 23_2'? , and (5)

18880) | (6)

p(Pa) = exp(26.89 —0.4942xInT 1

where the liquid temperature, T, is in Kelvin.

Theoretical Part of Research
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Figure 7. Estimated Range of Operation for L.i.

Using nuclear and thermal properties of the working fluid (Li), the reasonable
range of the film dimension and the flow rate are finalized and the corresponding range

10



of We and Re are obtained. The hydraulic radius, R, to calculate We and Re for a two
dimensional rectangular nozzle is given as,

R, =h, ()

where b is the thickness of the film or the width of the nozzle (Figure 1). This range of
We and Re gives the requirements for realizing a stable film jet to be operated as the
liquid stripper. Figure 7 shows an example sketch of the operating range of a liquid Li
film at 473 K based on preliminary results, in which the film thickness and the film
velocity are assumed to vary from 10 um to 400 um and from 25 m/s to 100 m/s,
respectively.

There are many theoretical

35 investigations on the jet stability
28 | Convective Instability Regime analysis USing_"near s:tability th?O_ry,
g | mo_stly for circular jets, prpwdmg
51l satisfactory results on mapping the
2770 instability diagram [14,19]. The same
= 14 Absolute Instability Regime approgch W_iII be e_mplqyed for a thin,
g two-dimensional film jet. A set of
§07 differential equations, including the
' mass conservation and the Navier-
T Stokes equations, is appropriately

0 40 80 120 160 200  expanded in Cartesian coordinates and
Reynolds number, Re the eigenvalue problem is formulated

accordingly, with boundary conditions
for the thin film configuration. This
eigenvalue problem can be numerically
solved with available numerical
packages, for example the FORTRAN IMSL package. Eigenvalues obtained thus give an
instability diagram as a function of the dimensionless parameters, We and Re, which is
similar to Figure 6. Figure 8 is an example of an instability diagram for a circular jet in
vacuum, obtained numerically by Leib and Goldstein [19]. This range of We and Re
shown in Figure 8, gives the requirement for a circular jet in vacuum to stably exist.

Figure 8. Instability Diagram for Circular
Jet.

The combination of these ranges is used to pinpoint the realistic and reasonable
conditions that need to be investigated experimentally to measure the intact length of the
jet. Based on the results obtained in the theoretical instability study, specific design
parameters to construct the experimental setup will be determined. The details of the
experimental part of the investigations are described next.
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Experimental Part of Research

Since the intact length in vacuum with a minimal disturbance is expected to be a
function of three parameters (surface tension, viscous force, and inertial force), it can be
expressed as a function of only two dimensionless parameters, We and Re. Therefore, to
estimate the intact length of the specific system and working fluid, we may use a different
working fluid to simplify the experiment without losing the applicability of the results, as
long as We and Re are kept in the same range. Handling liquid lithium is extremely
difficult and dangerous because it is highly reactive in air and requires a heated loop (>
~450 K) to maintain it in liquid phase. For this reason, we will seek the possibility of
using other working fluids, such as gallium (Ga) or mercury (Hg), which have lower
melting point and preferable chemical characteristics, eliminating the need of heated and
isolated systems. Density, surface tension, dynamic viscosity, and vapor pressure for Li,
Ga, and Hg are compared Table 1 [25,26,27].

Table 1. Physical properties for Li, Ga, and Hg.

Density Surface Tension Dynamic Viscosity Vapor Pressure
p (Kg/m®) o (N/m) 1 (Pa-s) p (Pa)
Liat 473 K 513 0.328 5.69x10™ 1.26x107
Ga at 303 K 6110 0.709 2.13x10°° very low (< 107)
Hg at 303 K 13521 0.485 (at 298 K) 1.53x107 (at 298 K) 3.08x10*

Based on these physical properties, equivalent operating ranges for Ga and Hg are
found as shown in Figure 9. Both working fluids require lower jet velocity than that for
Li, which may be considered as an technical advantage, however, the equivalent nozzle
width for both working fluids are smaller than that for Li, which adds more technical
difficulty. Especially for Hg as shown in Figure 9b, the required nozzle width is 1.86
um, which may be too small to manufacture. This information also provides the required
pressure to drive the film to flow from the nozzle for each working fluid. The fluid flow
in the nozzle must be kept laminar to produce a stable film. Thus, the required pressure
for each liquid can be calculated assuming the flow is in laminar regime as [28],

1, L
Ap==pU° x4f x—, 8
p=5r D, (8)

where f is the Fanning friction factor, L, is the nozzle length, and D, is the hydraulic
diameter (=2R, ) and f is given as [28],

D
f:ﬁ,and Reh:pU h (9)

Re, H

Calculated values for the required pressure for various liquids are listed in Table
2. Note that these values are calculated based on several assumptions:

1) the flow is laminar in the nozzle,

12



@) the length of the nozzle is 1 mm, and

3) the maximum pressure requirement occurs at the largest film
velocity and the narrowest nozzle width.

Except for liquid Li, the required pressure to drive the film specified in the design
diagram may be too high. Available pumping systems may impose another design
limitation. These technical issues will be further considered in determining the
possibility of using a low temperature liquid metal to substitute for liquid Li.

1045 T \\\\H‘ T g :]_04E T \\\\H‘ T T T
Fa) Gaat303 K} ,/ B Eb)Hgat303K§
i b=544um i ] i b=1.8
s | TN ] ’ ;
- 10° [ R KA 4y Gt = 10° £ E
o) C / H ] C |
2 [ / ‘ ] [ ]
g i i 1 , » U=13.7m/s
€ FU=57.8m/s | . FU=55.0mis L« 1
2 2 3 2 <
§ 10 D = 10" SR S 3
‘ 1 " b=742um 1
101 L 101 I \\\H\‘ L
10° 10° 10* 10° 10° 10° 10* 10°
Reynolds number, Re Reynolds number, Re

Figure 9. Equivalent Operating Conditions for Ga and Hg.

Table 2. Maximum Pressure Requirement for Li, Ga, and Hg.
Maximum Required Pressure (Pa)

Liat473 K 6.83x10° (990 psi)
Ga at 303 K 49.9x10° (7240 psi)
Hg at 303 K 291x10° (42200 psi)

Upon the completion of the theoretical part of the research and based on the
appropriate parameter space given in terms of We and Re, the nozzle dimensions and the
test fluid will be determined. Reducing the initial disturbance in the liquid at the nozzle
is expected to increase the intact length of the film jet, therefore, not only the nozzle
dimensions and the type of the test fluid, but also the surface finish of the nozzle interior
and the wettability of the nozzle material with the test fluid require special attention.
Since the required volumetric flow rate is small, the experiments to measure the intact
length of the film jet with various nozzles could be conducted using either a closed loop
system or a once-through system (Figure 10). For example, assuming the width of the
film, W (in Figure 1), is 1 cm, a conservative estimate gives the volumetric flow rate of
0.4 liter/sec at the maximum nozzle width (400 um) and film velocity (100 m/s). To
sustain this condition for 100 sec, only 40 liter of the liquid is required. In any case, the
film jet should be injected into a vacuum to eliminate the effects of interfacial shear
between the film and the surrounding atmosphere for accurate measurements. Interfacial

13



shear tends to enhance the instability of the fluid, shortening the intact length of the film.
Therefore, if conducted in non-vacuum environments, measured values for the intact
length would give the conservative estimates. Using the once-through configuration
reduces the number of components required to perform the experiments. Most
significantly, the once-through configuration does not require a high pressure pump.
Therefore, for this configuration, lesser budgets and time than for the closed loop system
will be needed. Each configuration will be further investigated and the most suitable
configuration will be determined.

Valve
) Valve
Tank
Tank
High pressure Valve
gas tank
High pressure
Vacuum Vacuum pump
Nozzle
pump pump Nozzle
y Instrumentation v Instrumentation
acuum acuum
chamber Lj:l chamber B:[:]
Film jet Film jet
E!Valve
Tank
E a e/
Valve
a) Once-through system b) Closed loop system

Figure 10. Example of Experimental System Configurations.

To determine the intact length, the thickness, and the uniformity of the film jet,
reliable diagnostic methods must be developed. Measuring optical reflection from the
surface of the film could be used to determine the surface conditions of the film. Also,
measuring the transmission and reflection characteristics of the film jet using B or y ray
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may allow one to estimate the thickness as well as the surface profile of the film. These
measurement techniques could be separately verified using the low temperature, non-
vacuum experimental setup.

The experimental setup will be constructed after all design parameters are
determined. If the use of another low temperature liquid metal is justified, a thin film
demonstration setup will be constructed and the data for the intact length will be
collected. Using the data obtained for the film dimensions, a separate numerical analysis
could be conducted to investigate the electromagnetic interaction between the film and
the ion beam. If the intact length of the film is found not satisfactory, using guide wires
or applying a magnetic field for magneto-hydrodynamic (MHD) stabilization of the film
could be considered. Since an electrically conductive media, such as liquid metal, tends
to flow along the magnetic field lines, applying a magnetic field parallel to the flow may
improve the stability of the jet. However, this additional stabilization increases the
complexity of the system and should be avoided, unless it is justified that such
stabilization is absolutely necessary.

After demonstrating that the nozzle produces a stable thin film, a thin film stripper
nozzle for liquid Li is planned to be fabricated. At first, the Li film stripper will be tested
without beam heating to confirm that liquid Li at the designed operating conditions forms
a thin film jet. Finally, the demonstration of the stripper with beam heating will be
conducted, which completes the development of the thin liquid Li stripper.
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