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Abstract
Nanofibrous structures are of high interest to the fields of

engineering and materials science, and investigation of their
properties as well as discovery of novel applications for them
both constitute lively areas of research. A very promising
application of nanofiber mats lies in the field of accelerator
technology: beam targets made from nanofiber mats offer
a solution to the problem of advancing the “intensity fron-
tier”—the limit on the beam intensities that can be realized
in fixed target experiments and neutrino production facilities.
However, testing has shown that the survivability of these
nanofiber targets depends strongly on their manufacturing
parameters, such as the packing density of fibers. In this
work, we will use multiphysics simulations to perform a ther-
mal study on how nanofiber targets react to high intensity
beams, so that the dependency of the targets’ lifetime on
their construction parameters can be better understood.

INTRODUCTION
Most neutrino beams are produced by exposing a fixed

target to a high-energy proton beam. The intensity of this
“primary” beam in turn determines the intensity of the neu-
trino beam, and so far they have operated at max intensities
on the order of one megawatt—the NuMI beamline at Fer-
milab recently set a record beam power of 893 kW. However,
future installations are expected to reach higher intensities:
the Long Baseline Neutrino Facility, for example, calls for
a primary beam power of 1.2 MW [1], with an accelerator
upgrade planned in the horizon of 2030 to raise the power
to 2.4 MW, bringing us to the multi-megawatt regime.

Attaining these intensities is not just a matter of acceler-
ator technology—the fixed target must survive many beam
cycles for these facilities to be practical. The upper bound on
the intensities reachable with current technology is known
as the intensity barrier, and its advancement is therefore nec-
essary to meet the demands of future neutrino experiments.

In facilities such as NuMI, the convention is to use solid
graphite targets with water cooling. Although such tar-
gets have operated successfully to date, there is question
as to whether they will retain suitable lifetimes at the multi-
megawatt scale. The primary weakness of these solid targets
is that their uniform lattice allows thermal stress waves in-
duced by the pulsed beam to easily propagate, leading to
fatigue failure. This issue will only be exacerbated by larger
amplitude stress waves from higher beam power in the future.
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The High Power Targetry Research and Development
(HPT R&D) Group at Fermilab has been studying [2,3] a po-
tential solution—a nanofibrous target material, consisting of
an electrospun array of Yttria-Stabilized Zirconia nanofibers.
These nanofiber “mats” are porous, and so the open space
between fibers dissipates any thermal stress waves caused by
the beam, avoiding the central weakness of existing targets.
Their porosity also allows us to cool the targets internally by
forcing helium gas through them. They also demonstrate re-
sistance to radiation damage without additional treatment [2].
These advantages suggest that these nanofiber targets pose a
novel solution to breaking the intensity barrier.

Such nanofiber targets are an emergent topic, and thus are
under rigorous testing. One such test at HiRADMat [2]—a
facility at CERN which provides a single pulse beam for
thermal shock tests of target materials—revealed that the
construction parameters of the nanofiber mats, namely their
Solid Volume Fraction (SVF), strongly affect their survival.
The SVF, notated 𝑓 , is defined as the percentage volume
of the mat occupied by solid material. The target with a
higher SVF developed a hole at its center, whereas the one
with a lower SVF remained undamaged. The exact mode of
failure of the denser target is as of yet unknown; there was
no evidence of melting, but one suggested explanation is that
pockets of gas in the denser mat may cause such damages by
limiting diffusion. While this test demonstrates that lowering
the SVF increases target lifetime, it comes at the price of a
lower neutrino yield, and so the choice of SVF is delicate.

MODELS AND THEORY
In order to optimize the performance of these targets, it

is essential to characterize their thermal properties, which
thus allows us to predict how they will respond to beam
heating for a set of prescribed construction parameters. The
nanoscale structure of these targets, however, makes theoret-
ical descriptions and simulations of their behavior difficult.
It is impossible to model all of the constituent fibers of a
nanofiber target explicitly—however, the fact remains that
the behavior at the individual-fiber level cannot be ignored.
There are significant nanoscale effects present which add up
to change the qualities of the whole.

This task becomes tractable, however, by using Porous
Media Models (PMMs), which translate the behavior at the
nansocale to the macroscale by computing effective material
parameters of a new, homogenous material. In this way, the
explicit nanoscale geometry is “forgotten”, but the effects
are retained by adjusting the properties of a replacement
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bulk material. It then becomes tenable for us to perform
simulations by applying these effective material parameters
to a greatly simplified domain.

In the case of our nanofiber targets, the major physical
processes at play are the fluid flow of the helium through
the nanofiber mat, the deposition of energy from the beam
generating heat, and the conduction of heat along nanofibers.
Thermal radiation is also an important mode of heat trans-
port because of the high temperatures expected, and we did
find a PMM to handle radiation, due to Lee [4, 5]. However,
the simulation software we used for this work, ANSYS Flu-
ent, can only handle radiation in porous media at very high
porosities [6], 𝜖 ∼ 1, where the porosity, 𝜖 , is defined as
the percentage of the material’s volume which is void space
or fluid and relates to the SVF by 𝜖 = 1 − 𝑓 . The average
porosity of our samples is 𝜖 ≈ 0.637, and so we were forced
to neglect this effect for now.

The energy deposition per volume, 𝐸𝐷 , caused by the
beam was estimated using MARS [7–9], a popular collec-
tion of programs for predicting the effects of high energy
particles upon materials. We considered a pencil beam
(𝜎 ≈ 0.50 mm) of 120-GeV protons incident on a uniform
cylinder of radius 1 cm with density 0.28 g/cm3. We treated
this as a pulsed beam, with 𝑁 = 1013 protons per 10-µs
pulse, and a 1.8 s cooldown: values inspired by the NuMI
beamline. From this, we obtained the heating caused by the
beam as a function of distance from the target center, which
we used as a source term in the energy equation to represent
the contribution from the primary beam.

To handle the fluid flow of the helium through the nanofi-
brous target, we used a well-known approach called Darcy’s
Law [10], which models flow through a porous medium by
introducing a momentum source term to the fluid governing
equations of the form:

®𝑆 = − 𝜇

𝛼
®𝑢

where 𝜇 is the dynamic viscosity, ®𝑢 is the velocity field, and𝛼
is the permeability (to fluid flow) of the porous medium. To
estimate 𝛼 for our nanofiber mat, we used the Λ-methods de-
scribed in [11,12]. The permeability is where the nanoscale
structure enters the problem, and in general depends on the
direction of the fluid flow (e.g., cross- or thru-flow).

Finally, in order to characterize the heat transfer due to
conduction, we used a model for the effective thermal con-
ductivity of a fibrous structure with a gaseous interstitial
medium developed by Bhattacharyya [13]. It is a nonlin-
ear combination of the thermal conductivity of both the gas
phase, 𝑘𝑔, and that of a single fiber, 𝑘0, taking the form:

𝑘eff (𝑇) = 𝑘0 +
𝑘𝑔 − 𝑘0

1 + 𝑓

1 − 𝑓

[
1 + 5

6
𝑘𝑔 − 𝑘0

𝑘𝑔 + 𝑘0

] ,

with the average SVF of our samples being 𝑓 ≈ 0.363.
The contribution to the thermal conductivity from the he-
lium gas, 𝑘𝑔, was predicted using a model developed by
Daryabeigi [14].

ANSYS SIMULATIONS
With the PMMs in hand, we sought to perform a mul-

tiphysics simulation of a nanofiber mat being exposed to
a high intensity, pulsed particle beam. This work was the
first such attempt to simulate the thermal response of one of
our nanofiber mats. We decided to use ANSYS Fluent for
the task, due to its ability to handle many physical effects,
porous media, and its comparatively intuitive interface.

In these simulations, we modeled a 10 mm × 10 mm
nanofiber target in a 20 mm × 20 mm surrounding helium
medium, with the beam normal and centered to the target sur-
face. We used a structured mesh of identical square elements
of side length 0.2 mm. A velocity inlet (5 m/s) and outflow
were used for boundary conditions in the vertical directions
to represent a cross-flow cooling apparatus. The target can
be regarded as stacked 2D planes in which the nanofibers
are oriented randomly, and since the mats are only 1 mm
thick, the energy deposition by the beam is identical on all
layers. This led us to use a thin-target approximation, reduc-
ing the problem to 2D. The other boundaries were treated
as insulating, and have a Neumann condition. This setup is
depicted in Fig. 1.

Figure 1: Illustration of the 2D problem.

Darcy’s Law is implemented easily in ANSYS Fluent by
selecting porous media conditions in the zone setup. In
the case of cross flow, the permeability was predicted to be
𝛼 ≈ 2.524 · 10−15 m2, describing a “semi-pervious” ma-
terial. Using a custom material library, we incorporated
Bhattacharyya’s effective thermal conductivity model by
performing a fifth-order polynomial fit to capture the tem-
perature dependence of 𝑘eff . For other temperature depen-
dent material properties—for which we had a closed-form
expression, such as helium’s density, viscosity, and thermal
conductivity—we wrote User Defined Functions (UDFs).

Finally, to simulate the heating due to the beam, we wrote
the data from our MARS simulation in the format of a “pro-
file” file, which integrates source terms particularly well into
Fluent. This could then be read to add a spatially-dependent
energy source term in the region of the nanofiber mat. In
order to account for the fact that the beam is pulsed and not
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Figure 2: Temperature contours at the beginning and end of the first four cycles of the pulsed beam. Observe that the target
center increases in temperature, showing that the heat from the beam pulse is not fully dissipated during each cooldown.

continually active, we ran a single 10-µs timestep with the
source term applied to the target region, then followed with
18 100-ms timesteps with the source term zero, representing
the cooldown. A single timestep was used for the heating
period since heat transfer is negligible in such a short time,
whereas the 100 ms timestep size during cooldown was justi-
fied by the low thermal diffusivity of the mat (∼ 10−7 m2/s).

We initially attempted to find the steady-state solution
using a pseudo-transient method, but evaluations failed to
converge and the max temperature of 5000 K in ANSYS
Fluent was exceeded in the entire target region. We reason
that this is because the beam heating is an impulse and so the
source term cannot be left “on”, even when time-averaged.
We instead studied the transient solution over a span of four
cycles (≈ 7 s), using a second-order SIMPLE solution algo-
rithm. Temperature contours at the beginning and end of
each cycle are shown in Fig. 2, with velocity in Fig. 3.

Figure 3: Contour plot of fluid velocity at 𝑡 = 7.2 s; observe
that the velocity drops to zero inside the target.

RESULTS
The transient solution demonstrated quick convergence,

and provided both intuitive and illuminating results. Ref-
erencing Fig. 2, we see the “pulsed” temperature rise that
we would naturally expect from a pulsed heat source. Note,
however, that the target center’s temperature is increasing
with every cycle—and so we infer that the heat from the
beam is not being diffused completely during the cooldown.

Nonetheless, the colorbar indicates that the temperature
remains below 1500 K, and thus the YSZ fibers are in no
danger of reaching their melting point at 2973 K this early.
The target’s dimensions were selected to mirror those of the
low density sample from the HiRADMat experiment [2],

which survived exposure to a similar pulsed beam without
the added helium cooling; we therefore should expect the
same to be true here. It remains to be seen if the steady
“creep” in temperature will eventually exceed the melting
point after many beam cycles, however, and so the long-term
behavior must be investigated in the future.

This raises the question of whether the helium cooling
is actually helping: if we check the velocity contours in
Fig. 3, we notice that the flow velocity vanishes in the target
interior, and that the flow outside resembles that of a bluff
body. So, the helium is not actually extracting heat from the
target center as intended, only the boundary, implying the
permeability 𝛼 ∼ 10−15 m2 is too low. Increasing the per-
meability can be accomplished by increasing the nanofiber
radius, or reducing the SVF—though this latter choice has
consequences as aforementioned.

CONCLUSION
In this work, we used porous media models to determine

effective material parameters of a nanofiber target material,
and used ANSYS Fluent to simulate the target’s thermal
response to heating by a high-intensity, pulsed proton beam.
The results mostly matched expectations, but a steady in-
crease in overall temperature across beam cycles will require
long-term study. It was also observed that the helium flow
did not permeate the nanofiber target, suggesting that higher
permeability may eliminate the temperature “creep” and
greatly improve target survivability and performance, bring-
ing us closer to the goal of advancing the intensity frontier.

ACKNOWLEDGMENTS
This manuscript has been authored by Fermi Research

Alliance, LLC under Contract No. DE-AC02-07CH11359
with the U.S. Department of Energy, Office of Science, Of-
fice of High Energy Physics. This material is based off
work supported by the Chicagoland Accelerator Science
Traineeship (CAST), funded by the DOE Office of Science,
Office of High Energy Physics under contract number DE-
SC0020379, and The College of Science and Letters, Illinois
Institute of Technology, as well as the U.S. Department of En-
ergy Office of Science Graduate Student Research (SCGSR)
program, administered by the Oak Ridge Institute for Science
and Education (ORISE) for the DOE, managed by ORAU
under contract number DE-SC0014664. All opinions ex-
pressed in this paper are the author’s and do not necessarily
reflect the policies and views of DOE, ORAU, or ORISE.

5th North American Particle Accel. Conf. NAPAC2022, Albuquerque, NM, USA JACoW Publishing
ISBN: 978-3-95450-232-5 ISSN: 2673-7000 doi:10.18429/JACoW-NAPAC2022-MOPA63

07: Accelerator Technology

MOPA63

187

C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I



REFERENCES
[1] J. Strait et al., “Long Baseline Neutrino Facility (LBNF) and

Deep Underground Neutrino Experiment (DUNE)”, Con-
ceptual Design Report, 2016. doi:10.48550/arXiv.1601.
05471

[2] S. Bidhar et al., “Production and Qualification of an Electro-
spun Ceramic Nanofiber Material as a Candidate Future High
Power Target”, Phys. Rev. Accel. Beams, vol. 24, p. 123001,
2021. doi:10.1103/PhysRevAccelBeams.24.123001

[3] S. Bidhar, “Electrospun Nanofiber Materials for High Power
Target Applications”, FNAL, Batavia, USA, Rep. 17-017D,
2017. doi:10.2172/1460390

[4] G. Cunnington and S. Lee, “Radiative Properties of Fibrous
Insulations - Theory versus Experiment”, Journal of Ther-
mophysics and Heat Transfer, vol. 10, pp. 460-466, 1996.
doi:10.2514/3.811

[5] S. Carvajal, E. Garboczi, and R. Zarr, “Comparison of Models
for Heat Transfer in High-Density Fibrous Insulation”, J.
Res. Natl. Inst. Stand. Technol., vol. 124, pp. 1-21, 2019.
doi:10.6028/jres.124.010

[6] ANSYS, Inc., “ANSYS Fluent Theory Guide”, 15th Edition,
2013. www.ansys.com

[7] N. V. Mokhov et al., “MARS 15 Code Developments Driven
by the Intensity Frontier Needs”, Prog. Nucl. Sci. Technol.,
vol. 4, pp. 496-501, 2014. doi:10.48550/arXiv.1409.
0033

[8] N. V. Mokhov, “Status of MARS Code”, FNAL, Batavia, IL,
USA, Rep. Fermilab-Conf-03/53, 2003.

[9] N. V. Mokhov and C. C. James, “The Mars Code System
User’s Guide, Version 15”, FNAL, Batavia, IL, USA, Rep.
Fermilab-FN-1058-APC, 2017.

[10] S. Whitaker, “Flow in Porous Media I: A Theoretical Deriva-
tion of Darcy’s Law”, Transp. Porous Med., vol. 1, pp. 3-25,
1986. doi:10.1007/BF01036523

[11] M. Tomadakis and T. Robertson, “Viscous Permeability of
Random Fiber Structures: Comparison of Electrical and
Diffusional Estimates with Experimental and Analytical Re-
sults”, Journal of Composite Materials, vol. 39, pp. 163-188,
2005. doi:10.1177/0021998305046438

[12] D. L. Johnson, J. Koplik, and R. Dashen, “Theory of Dy-
namic Permeability and Tortuosity in Fluid-Saturated Porous
Media”, Journal of Fluid Mechanics, vol. 176, pp. 379-402,
1987. doi:10.1017/S0022112087000727

[13] R. K. Bhattacharyya, “Heat-Transfer Model for Fibrous Insu-
lations”, ASTM Special Technical Publications, pp. 272-286,
1980. doi:10.1520/STP29279S

[14] K. Daryabeigi, “Heat Transfer in High-Temperature Fibrous
Insulation”, Journal of Thermophysics and Heat Transfer,
vol. 17, pp. 10-20, 2003. doi:10.2514/2.6746

5th North American Particle Accel. Conf. NAPAC2022, Albuquerque, NM, USA JACoW Publishing
ISBN: 978-3-95450-232-5 ISSN: 2673-7000 doi:10.18429/JACoW-NAPAC2022-MOPA63

MOPA63C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I

188 07: Accelerator Technology


