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Experimental Demonstration of the Thin-Film Liquid-Metal Jet as a Charge Stripper
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For high-power heavy ion accelerators, the development of a suitable charge stripper, which can handle
intense beams, is essential. This Letter describes the first experimental demonstration of a heavy ion liquid
lithium charge stripper. A 10-20 ym thick liquid lithium jet flowing at >50 m/s was formed and
confirmed stable when bombarded by various heavy ion beams, while increasing the charge state of the
incoming beams to the desired charge state range. This demonstration proved the existing power limitation
with the conventional strippers can be overcome by the liquid-metal stripper, opening completely new

possibilities in high-power accelerator development.
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Introduction.—The need of high-power heavy ion beam
facilities has been increasing more than ever in the 21st
century. Areas of applications range from the fundamental
science topics such as the properties of atomic nuclei, the
origin of elements, and testing laws of nature, to the societal
applications and benefits in the areas of medicine, energy,
and material science. Linear accelerators have been the
most cost effective in achieving high-power beams of
heavy ions, specially, with the development of super-
conducting radio-frequency (SRF) cavities. A prime exam-
ple of such a high-power heavy ion accelerator is the
Facility for Rare Isotope Beams (FRIB) recently completed
at Michigan State University (MSU) [1]. Open for users,
May 2022, FRIB is poised to become one of world's most
powerful rare isotope facilities.

To reduce the cost of the facility and utilize the
accelerating voltage most effectively, these accelerators
normally include a charge stripper to remove electrons from
the ions to increase the charge state of the beams in the
beam line at an intermediate energy determined by an
optimization of charge state increase at the stripper. The
optimization is between stripping too early and not reach-
ing a high charge state and stripping too late and not using
all the accelerating voltage effectively. A factor of 2 or
more in charge state increase can be typically obtained.

Thin carbon foils have been the traditional charge
strippers used in heavy ion accelerators but are limited
in power density by the damage they suffer (sublimation
and radiation damage) and consequently short lifetimes.
Very heavy ions deposit several orders of magnitude more
energy than protons per unit length in the stripping media,
making a uranium beam most challenging to strip [2]. The
best performing heavy ion stripper foils (highly oriented
graphite carbon sheets) have been used at the Radioactive
Isotope Beam Factory (RIBF) at RIKEN [3]. The reported
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performance results are for U beams at 50 MeV per nucleon
(MeV /u). At this high energy the energy deposition per ion
per unit length is about 60% of the energy deposition at
FRIB’s stripper energy. The demonstrated total numbers of
ions traversing the stripper are of the order of 2 x 10'8
particles, corresponding to about half a day (12 h) of FRIB
full power operation. The beam spot at RIKEN’s RIBF
rotating disk stripper is 2 mm in diameter, which is twice
the diameter of the FRIB’s beam spot (I mm). Thus, if
FRIB were to use a similar rotating carbon disk stripper the
FRIB running time to achieve the same total fluence would
be only about six hours, completely unpractical.

The solution to this issue is the use of a self-replenishing
media like a liquid or a gas. Gas strippers achieve a
significantly lower charge state than solids and the use
of liquids looks more promising [4-9]. The previous liquid
stripper works employed vacuum compatible oils as the
stripper media, which do not possess the best nuclear
physical characteristics for charge stripping and thermo-
physical properties to tolerate an intense beam irradiation.
In addition, their methods of forming the liquid films were
not the best methods to effectively remove the thermal input
from the beams to the film. A better choice of the stripper
media is to use a liquid metal, especially lithium. Some of
the advantages of using liquid lithium are its low vapor
pressure and high heat capacity.

The use of liquid metal in an accelerator is actually not a
new idea, proposed as early as in 1950s [10] and liquid-
metal targets have been common for high power light ion
accelerators (protons and deuterons). There are mainly two
types of liquid-metal targets; one is a target with beam
windows and another is a “windowless” target. An example
of the former is the mercury target at the Spallation Neutron
Source and at the Japan Proton Accelerator Research
Complex [11,12] and those of the latter are liquid lithium
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targets [13—-18] including the present work. Particularly
worth noting is that the windowless liquid lithium tar-
gets, in which flowing liquid lithium is directly exposed
to the beam line vacuum (high vacuum pressure of
<1 x 10~* Pa) with intense beam irradiations, have dem-
onstrated the compatibility of the flowing liquid lithium
with vacuum. However, all of the previous lithium targets,
except for the one originally proposed by Nolen, flow along
a curved wall, which pressurizes the flow to suppress the
potential boiling [13-16,18]. For the charge stripping
application, the ability to form a free-jet target without a
backwall is an important consideration, because high-
power beams must pass through the liquid and sub-
sequently damage the wall structure. This is due to the
much higher energy deposition per unit length from the
heavy ion beams [2]. Thus, the presence of the backwall
restricts the applicability of this type of windowless target
to charge stripping. As a consequence, no liquid-metal
charge strippers have been built before. In addition, the
light ion targets are thick (typically order of tens of
centimeters) to completely stop the beams while charge
strippers are very thin (of the order of micrometers) and
only small fluctuation in thickness can be tolerated, making
application of the conventional liquid lithium targets to
charge stripping challenging.

The fundamental drawbacks of the windowless concept
are the uncertainties in the geometric stability of the flow
due to the hydrodynamic and/or thermal behaviors of the
flow. This is because a liquid jet is inherently unstable and,
when in vacuo, thermodynamically only metastable. Heat
deposition to the liquid could induce spontaneous phase
transition from liquid to vapor, which is detrimental
(evaporation) or catastrophic (boiling).

One of the first attempts to use a free-jet target was
published in 1966 [19]. However, due to the severe
evaporation or possibility of boiling in the flow with the
high-power beam bombardment and its potential conse-
quences, free-jet target systems have not subsequently been
developed and demonstrated.

The use of a liquid lithium free jet as a charge stripper in
a heavy ion accelerator was first proposed by Nolen in 2000
[20]. In the course of the research and development efforts
that followed, FRIB had decided to use a windowless liquid
lithium free jet as its baseline charge stripper. For efficient
acceleration of the heavy ion beams at FRIB, charge
stripping at 10-20 MeV /u is desirable and it was estimated
that a target with the density thickness of 0.5-1 mg/cm?
would be needed. This value is equivalent to a 10-20 ym
thick liquid lithium film (liquid lithium density is about
0.5 g/cm?). The FRIB design power for U beam is 400 kW
at 200 MeV/u at the production target. At the stripper the
U energy is approximately 17-20 MeV /u. The U ions at
17 MeV /u will deposit about 53 MeV per ion for the
10 pym thick lithium film, or 1.3% of the ion energy. With
5.2 x 10" jons per second the total power deposited at the

stripper is approximately 450 W. For a circular beam spot of
1 mm diameter the power density on the film is 56 MW /cm?.
The conventional stripper made of a thin carbon film would
never be able to withstand such a high-power deposition. A
discussion on carbon foil lifetimes can be found in [2].

With the target thickness of 10-20 ym and the heat load
of 450 W, the concept of the windowless liquid lithium
free-jet stripper was investigated, and several experimental
demonstrations were performed at Argonne National
Laboratory (ANL), and later together with FRIB [21-23].

Demonstration of high power beam deposition.—The
investigations at ANL revealed that the hydrodynamic
instability could be overcome by flowing the liquid lithium
film jet at >50 m/s (corresponding drive pressure of
1 MPa). A roughly 10 um thick, 1 cm wide, stable lithium
film jet was successfully formed in vacuo [21,22]. The high
flow velocity was not only for the hydrodynamic stability
but also necessary to carry away the intense beam power to
avoid boiling or excessive vaporization. To demonstrate the
adequacy of the lithium film jet to sustain a high-power
deposition, a 65 keV proton beam was used. At this energy
the protons stopped within the first 1.5 ym of the lithium
film. The experiment demonstrated that the velocity of
>50 m/s was sufficient to carry away 300 W of the thermal
power deposited in the lithium film within a I mm diameter
beam spot and a thickness of the first 1.5 ym over the total
thickness of 10 um [23]. The estimated peak volumetric
heat input from the proton beam was approximately
65 MW /cm?®, more than the FRIB average power density
deposition (56 MW /cm?). Also noted is the 300 W power
deposition was more than half of the total FRIB’s power
deposition of 450 W. This experiment did not include the
radiation damage that the heavy ions would have on a solid
carbon foil, but with a self-replenishing liquid the lattice
damage is not an issue. These demonstrations confirmed
the applicability of the windowless liquid lithium free jet as
a charge stripper; however, its actual charge state distri-
bution after stripping remained unproven.

Equipment in linac tunnel—Now the first demonstration
liquid lithium charge stripper (LLCS) system has been
constructed by FRIB at MSU [24,25]. In 2021, the LLCS
system was mated with FRIB’s heavy ion linac and
subsequently, the first demonstration of the liquid-lithium,
thin-film jet as a charge stripper was successfully carried
out. This article is the first report discussing the latest
experiment and performance of the LLCS at FRIB.

The LLCS system consists of a liquid lithium loop
equipped with a high-pressure electro-magnetic (EM)
pump, vacuum system, argon (Ar) supply system, and
Secondary Containment Vessel (SCV) as shown in
Fig. 1(a). A part of the loop is a vacuum chamber (VC),
which forms part of the linac beam line. The nozzle in the
VC produces a round liquid lithium jet issuing from a
0.5 mm orifice in the nozzle. The round jet subsequently
impacts the deflector, forming a willow leaflike liquid
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FIG. 1. Schematic of liquid lithium charge stripper system and
lithium film. (a) Schematic illustration of the LLCS system, area
indicated by red-dot line with more details shown in (b) and (c).
(b) Photograph of the liquid lithium film formed in the LLCS
vacuum chamber. The extremely smooth surface of the lithium
film appeared as a mirror. (c) Illustration of the liquid lithium film
with labels for clarity.

lithium film in vacuo, which intercepts the beam, as shown
in Figs. 1(b) and 1(c). The VC is on a movable table within
the SCV so that the stripper can be moved around the beam,
while the beam path was maintained stationary.

In the design phase, considerable effort was made for
safety. Liquid lithium is known for its high reactivity with
air, water, and many other materials. One of the safety
measures that have been implemented for operating the
LLCS system in the accelerator tunnel is the SCV com-
pletely encasing the lithium loop and being filled with Ar
during operations.

The lithium was heated by electric heaters installed along
the lithium loop at around 220°C (the melting point of
lithium is 180.5°C) and pressurized at 1.2 MPa by the
EM pump.

Xenon (12*Xe?**) and argon (*°Ar!®*) beams from the
first linac section (LS1) of the FRIB linac were used for the
initial characterization of the liquid lithium film. At the
location of the LLCS in the linac, the energies of '>#Xe?6+
and °Ar'®* beams were 17 MeV/u and 20 MeV/u,
respectively. The corresponding root-mean-square (rms)
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FIG. 2. Spatial profile of the liquid lithium film obtained from
the energy loss measurement with 20 MeV/u Ar beam. (a) A
two-dimensional profile. Red circle indicates a typical beam
location of a 1 mm beam relative to the film. Dashed lines
indicate where cross sectional profiles were obtained, which are
shown in (b) and (c). (b) Vertical cross sectional thickness profile.
(c) Horizontal cross sectional thickness profile.

beam radius was estimated to be 0.5 mm. These beams
were used to measure the temporal stability of the liquid
lithium stripper by monitoring the beam energy loss
through the stripper over a long period (typically tens of
minutes). During the energy loss measurements, the film
was moved around the beam to measure the spatial profile
of the film. The charge distribution was also measured to
evaluate the performance of the LLCS. The thermal
performance of the film was measured with an °Ar!'0*
beam at 17 MeV/u and a peak current of 12 particle uA,
the highest peak current allowed within the present accel-
erator operational envelope. The beam duty cycle was set at
5.4% with the repetition rate of 10 Hz, resulting in the
instantaneous peak beam power of 7340 W during each
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FIG. 3. Xenon (red) and uranium (blue) charge state distribu-

tions after the liquid lithium stripper. The thickness is
1.05 mg/cm? for the xenon and 1.40 mg/cm? for uranium beams.

5.4 ms period. The peak power loss in the lithium film

(0.6 mg/cm?,dE/dx = 405 keV/um) was 50 W.

The estimated volumetric power deposition in the lithium
during the high-power test reached 6.2 MW /cm?, or 11% of
the FRIB full power operation value (56 MW /cm?).

Since it took approximately 20 ps for the flowing lithium
at 50 m/s to completely cross the beam spot of 1 mm, it
was considered that the longest time constant of any
thermal and fluid dynamic responses of the lithium flow
was 20 us. Thus the 5.4 ms long beam, which was 270
times longer than the longest time constant, may be
considered well representing a continuous beam.

Subsequently, the LS1 accelerated FRIB’s first uranium
(338U36*) beam and traversed the liquid lithium film. At the
LLCS, the energy was ranging from 17 to 20 MeV/u. The
rms beam radius on the film was estimated to be 0.5 mm.
The charge distribution was measured to evaluate the
performance of the LLCS.

Results.—The beam energy loss measurements confirm
that the liquid lithium film is very stable since the Xe beam
energy variation was 17 keV/u (peak-to-peak value) with
the standard deviation of 3 keV/u over a period of 2.5 h,
which corresponds to the 9 x 10~* peak-to-peak fluctuation
of the beam energy. Comprehensive computer simulations
indicated that this level of beam energy changes would not
introduce any issue with the following acceleration. At the
same time, it was noticed that the energy fluctuations are
correlated with the slight variation of the vacuum chamber
temperature. Thus, further optimization of the LLCS
temperature control parameters is expected to reduce such
energy fluctuations. The spatial distribution of the energy
loss measurements shows that the thickness of the film
decreased with the distance from the impact point of the
deflector (see Fig. 2), which is consistent with the previous

measurement [21]. The charge state distributions obtained
with 17 MeV/u xenon and uranium at different locations
on the lithium film are shown in Fig. 3. The unit of
thickness here is mg/cm?. The conversion of the energy
loss to the film thickness in mg/cm? was calculated with
the SRIM code [26]. The charge state distributions of the
20 MeV/u uranium beam were measured in the liquid
lithium and a carbon foil at 1 mg/cm? thickness. It was
found that the average charge states are 73.7 and 76.9 for
the liquid lithium and carbon, respectively.

Conclusions and impacts.—The two major issues with
the traditional carbon foil strippers were sublimation and
radiation damage by high-power heavy ion beams. The
replenishing liquid lithium free jet solves the radiation
damage to the lattice and the previously reported high-
power proton beam demonstration performed at ANL,
proved that the free jet was stable at high-power deposition.
It was experimentally confirmed that the windowless liquid
lithium thin free jet could be used as a charge stripper.
The hydrodynamic stability of the liquid lithium thin free
jet with a thickness of 10-20 um, flowing at 50 m/s in the
high vacuum environment, was proven effective even with
U beams to match the post stripper accelerator section. The
charge stripping characteristics of the lithium film were
obtained, producing charge state distributions with only
slightly lower peak charge state than an equivalent carbon
foil. With the demonstration of stripping heavy ion beams,
additional application potentials may exist. For example, by
optimizing the lithium film thickness and controlling the
film location, high-power pulsed proton facilities could use
this method for H~ stripping [27]. It was shown for the first
time the technical limitations associated with the conven-
tional solid stripper technologies can be overcome by
employing the concept of the windowless liquid-metal
free-jet stripper, opening new possibilities in high-power
accelerator development.
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