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Abstract The beam windows of high-energy beam lines
are important, and it is sometimes difficult to design
because it is necessary to ensure particle propagation with
minimum disturbance and fulfill mechanical requirements
at the same time. The upstream decay pipe window of the
long baseline neutrino facility at Fermilab has an extremely
large diameter (1.8 m), with a thickness of only 1.5 mm to
separate the helium atmosphere in the decay pipe and the
nitrogen atmosphere on the other side. Furthermore, the
center of this dish-shaped window is expected to be a
200-mm-diameter beryllium dish welded to the outside
aluminum alloy A6061, and this welded combination must
withstand extreme conditions of a 2.4-MW, high-energy
proton beam without leakage. These severe conditions
make the design of this window an unprecedented chal-
lenge. This paper describes the static thermal-structural
analyses based on which the structure has been optimized,
as well as dynamic analyses for understanding the shock-
wave effects originating in the beam. After optimization,
the maximum von Mises stresses in the window decreased
significantly in both normal operation and accident cases,
making our design very reasonable.
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1 Introduction

The long baseline neutrino facility (LBNF) is a facility
under construction that will provide the accelerator, pri-
mary beam, and target infrastructure for the production of a
neutrino beam to serve Deep Underground Neutrino
Experiment (DUNE) [1, 2]. A high-intensity, high-energy
proton beam accelerated in the Fermilab accelerator com-
plex, with an energy of 120 GeV, impinges on a special
target, producing high-energy pions and kaons. These
unstable secondaries will be focused by magnetic horns
and directed through a decay pipe with a length of 194 m
toward a hadron absorber. After that, only the neutrinos
will survive and continue for 1300 km toward the far end
site of the Sanford Underground Research Facility (SURF)
[3]. The LBNF is designed for initial operation at a proton
beam power of 1.2 MW, with the capability to upgrade to
2.4 MW. The decay pipe has an upstream window and a
downstream window at the beginning and end, as shown in
Fig. 1.

The upstream and downstream decay pipe windows
need to efficiently separate the helium atmosphere inside
the decay pipe from the outside, and at the same time
withstand the beam power in the long term, which means
they should have good strength, heat management ability,
and radiation damage resistance. In addition, the upstream
window should be transparent enough to minimize the loss
of the secondary beam from beam window interactions. For
this reason, low-Z materials are preferred.

Mylar and Kevlar composite windows have been used at
the Jefferson lab [4], BNL [5], Fermilab [6], and other labs
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because of their low mass; however, plastic or organic
materials tend not to have high resistance to high irradia-
tion doses. Aluminum is another conventional beam win-
dow material that has the properties of low density,
radiation resistance, and good mechanical strength, and it
has been used for proton beam windows at spallation
neutron sources such as JSNS [7] and CSNS [8], as well as
decay pipe window at NuMI [9].

Beryllium is widely used in X-ray windows for photon
sources [10] and drift detectors [11]. With the increasing
beam intensities of future multi-mega-watt accelerator
facilities, beryllium and AlBeMet (a metal matrix made of
62% beryllium and 38% aluminum by weight) have
received increasing attention in the design of the hadron
beam window because of their good beam transparency,
high thermal conductivity, high strength and thermal sta-
bility [12], good resistance against ductility loss from
irradiation [13], and good thermal shock resistance [14].
The downstream target window at NuMI was specially
constructed using a combination of beryllium and alu-
minum. The beryllium part is a disk of 1.25 mm in thick-
ness and 135 mm in diameter, electron beam welded to an
aluminum ring and an aluminum flange, forming a sand-
wich structure [15]. AlBeMet, which can be considered
alternative to beryllium in some cases, has been adopted as
the basic material for the external beam window at PEFP
[16]. However, great challenges are also associated with
the use of beryllium or AlBeMet, primarily as a result of
their toxicity and protection, poor machinability and duc-
tility, and poor weldability [17-19], which limit their
application as large-dimension beam windows.

Because of the higher energy deposition density (ap-
proximately twice that of NuMI), using beryllium or
AlBeMet as the material for the upstream decay pipe
window at LBNF is attractive. The much larger diameter,
uniform thickness requirement, and circular joint shape
make it a great challenge, while the superior properties
make it a risk-worthy innovation. In pursuit of lower dis-
turbances in particle propagation, beryllium is selected as
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the base material. In addition, beryllium has higher ther-
mal-mechanical properties and better resistance against
ductility loss from irradiation compared with AlBeMet
[13]. This paper describes the structure optimization of the
window, as well as the thermal-mechanical response
induced by beam shock in the case of accidents. Based on
the optimization, a window has been designed and will be
constructed.

2 Mechanical structure and thermal load

The diameter of the upstream window is as large as
1.8 m, and the thickness should be uniform (1.5 mm)
within the diameter of 1.5 m because of the beam footprint.
A window fabricated entirely of beryllium is an ideal
design, but it was not chosen, as beryllium is hardly pos-
sible to process because of its poor machinability and
potential danger resulting from material brittleness.
Therefore, a window with beryllium as the inner part and
aluminum alloy A6061 as the outer part has been designed,
as shown in Fig. 2. The dish-shaped weldment is composed
of an inner part 200 mm in diameter, an outer part 1.5 m in
diameter, and a flange ring 1.8 m in diameter and 50 mm in
thickness. The uniform thickness (1.5 mm) rather than
overlap welding allows for less beam loss and energy
deposition at the welding joint, despite the greater diffi-
culty of the welding technique. The thick flange is for the
connection to a remotely operated metal seal. The original
sphere radius, R1, and two fillet radii, R2 and R3, are set as
5080 mm, 100 mm, and 200 mm, respectively, as param-
eters to be optimized. The total weight is approximately
75.3 kg, i.e., 0.085 kg for beryllium and the remainder for
A6061, respectively. The window will be supported from
the bottom to maintain the stability of the structure, and
will be removable from the above, consistent with the other
target pipe components [1]. The concave side is connected
to the decay pipe filled with helium, and the other side
faces the target and horns, which are cooled by nitrogen.
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Fig. 1 Schematic view of the LBNF (UW upstream decay pipe window, DW Downstream decay pipe window) (Color figure online)
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Fig. 2 Structure of upstream decay pipe window of the LBNF (‘R’ in front of numbers denotes radius) (Color figure online)

The related proton beam parameters are listed in Table 1
[20]. There are two accident modes in addition to normal
operation that require special attention. One is the target-
destroy accident, which means that the primary beam
misses the target but is centered on the upstream decay pipe
window. The other is the mis-steered accident, which
means that the primary beam is mis-steered off the target
and is slightly off-center on the upstream decay pipe
window. Figure 3 describes the energy deposition in unit
volume on the window at various beam energies and in
different operation modes, as simulated by MARS [21].
There is an energy deposition peak at the boundary of the
inner part and outer part because the material changes from
beryllium to aluminum alloy, as shown in Fig. 3a. The
design is based on the upgraded case with 2.4-MW beam
power and 120-GeV beam energy because it is the highest
deposited energy case, comprising 761 W in total for
normal operation, and 13.5 W of which in the inner
beryllium part.

Table 1 Beam parameters for various operational scenarios

3 Optimization studies

During operation, the decay pipe is filled with helium
gas. The designed relative pressure on the window is
0.034 MPa, with the assumed atmosphere pressure of
0.1 MPa. Optimization studies of the cooling methods and
dimensions have been performed using finite element
analysis (FEA) in ANSYS. The energy deposition in unit
volume is imported as heat generation in each element. The
relative pressure is loaded on the nodes of the concave
surfaces. The surfaces sealed with the decay pipe on the
flange ring are constrained in the beam and circumferential
directions, leaving the radial direction free. The material
properties used in the FEA are listed in Table 2.

3.1 Cooling methods

As shown in Fig. 2, the original spherical radius (R1) of
the curved dish is set to 5080 mm in terms of the short
distance for the beam in the window with a large radius. If
no special cooling methods are adopted, the helium and
nitrogen sides of the window will have natural convection

Energy (GeV) Intensity (x 10'%) Cycle time (s) Spill time (us) Power (MW)

120 15 1.2 10 2.4 Upgraded operation
80 15 0.9 10 2.14

60 15 0.7 10 2.06

120 7.5 1.2 10 1.2 Initial operation

80 7.5 0.9 10 1.07

60 7.5 0.7 10 1.03
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Fig. 3 Energy deposition on the window at a beam power of 2.4 MW. a Energy deposition at various beam energies; b Energy deposition in

different operation modes at 120 GeV (Color figure online)

Table 2 Material properties
used in the optimization studies

[22, 23]

Material A6061 Beryllium
Density (kg/m>) 2700 1844
Thermal expansion (°C™") 23.6 x 107° 145 x 107°
Young’s modulus (GPa) 68.9 303
Poisson’s ratio 0.33 0.18
Thermal conductivity [W/(m °C)] 167 216
Specific heat capacity [J/(kg °C)] 896 1925

Yield tensile strength at 100 °C (MPa) 262 240
Allowable stress from — 28 to 120 °C (MPa) 120 110?

“We could not find the allowable stresses of beryllium. The same safety factor as for A6061 was assumed

on the corresponding surfaces. The heat convection coef-
ficients are set to 3.8 W/(m” °C) and 2.6 W/(m> °C),
respectively. The temperature distribution during normal
operation is shown in Fig. 4. It is not symmetrical because
the beam has an injection angle with respect to the window.
The highest temperature is approximately 145 °C on the
flange ring resulting from the high-energy deposition in the
thick material, which is too high for the aluminum alloy
because the material has the danger of creep [24] and
vacuum seal failure. The temperature limit is set as 80 °C,
which is approximately 0.4 times the melting point of
A6061, at which point the material can be considered free
of creep [25]. Therefore, forced-cooling should be used.
Two forced-cooling methods are considered. One is
forced air cooling at the air side, and the other is forced
water cooling on the flange ring. The FEA results show that
both methods are efficient for decreasing the temperature.
When using forced air cooling, the cooling surfaces remain
the same as natural convection, while the coefficient of
heat convection at the air side increases. The highest

@ Springer

temperature is 65 °C when the coefficient of heat convec-
tion at the air side is set to 10 W/(m? °C), and it can be
decreased further with a stronger convection, as shown in
Fig. 5a. The helium in the decay pipe can provide a heat
convection coefficient of up to 9 W/(m? °C) [1], which
makes it easier to reach a lower temperature. The location
of the highest temperature is also at the flange ring, similar
to the distribution under natural convection, but with a
lower temperature. When using forced water cooling, a
heat convection coefficient of 5000 W/(m? °C), which can
be easily obtained is set at the outermost surface of the
flange ring to simulate the cooling channel. The highest
temperature decreases to 68.1 °C and its location moves to
the window center while the outer ring is cooled down, as
shown in Fig. 5b. The temperature distribution is concen-
tric with respect to the beam footprint. Both methods can
satisfy the design requirements.
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Fig. 4 Temperature distribution
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Fig. 5 Simulation results for the two cooling methods. a Highest temperature versus the heat convection coefficient in the case of forced air
cooling. b Temperature distribution in the case of forced water cooling (Color figure online)

3.2 Von Mises stress optimization based on normal
operation mode

The weak points of this specific window design are the
beryllium-A6061 (Be—Al) welding joint of the inner part
and outer part because of the weakening of the potential
strength of beryllium welding, and the fillet location of the
outer part and flange ring because of the stress concentra-
tion and welding joint. The allowable stress at the Be—Al
welding joint for long-term use is assumed to be 77 MPa as
an empirical value, which is 70% of the strength of the
parent material [26]. The forced coolants can bring the von
Mises stress at the welding joint down to approximately
107 MPa by decreasing the temperature gradient, which is

still considered risky. Structural optimization has been
performed to further decrease the von Mises stress. The
sphere radius (R1) and the two fillet radii (R2 and R3) can
be optimized for this purpose, as shown in Fig. 2.

The response surfaces have been calculated in ANSYS
Workbench by varying the sphere radius and the two fillet
radii separately. It is found that the von Mises stress at the
risky locations is very sensitive to the sphere radius, as
shown in Fig. 6. However, the sphere radius cannot be
greatly reduced because a smaller radius means more dif-
ficult processing and larger energy deposition. A sphere
radius of 2500 mm has been chosen as a compromise. In
this case, the required thickness of raw beryllium is
3.5 mm, compared with 2.5 mm for a sphere radius of
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Fig. 6 Response lines of the von Mises stress at risky locations with
respect to the sphere radius (Color figure online)

5080 mm (100% increase in beryllium processing). The
von Mises stress at the risky locations has little change with
respect to the variations in the fillet radii, as shown in
Fig. 7. Thus, the fillet radii will be determined by the
processing technique.

For normal operation, the optimized structure has the
highest temperature of 65.1 °C at the flange ring for forced
air cooling and 68.3 °C at the window center for forced
water cooling, which are within 2% compared with the
original structure. The temperature distribution in the
window is only slightly affected in the sphere radius
optimization. However, the von Mises stresses have sig-
nificantly decreased for each cooling method, as listed in
Table 3. This is mostly due to the proportionality of the
Hooke stress and diameter. In the case of forced air cool-
ing, the von Mises stresses decrease by 61% at the window
center, 42% at the Be—Al welding joint, and 59% at the

43 |
42
41 4

40

&on Mises stress at welding joint (MPa)

39 .l
25
0.2 0.1

Fillet radius R3 (m) 015 0.8

(a)

Fillet radius R2 (m)

fillet, while for the forced water cooling, the decreases are
61%, 37%, and 54%, respectively. Comparing the two
cooling methods, the forced air cooling has lower stresses
because of the smaller temperature gradient. The von Mises
stresses are below the allowable stresses for each cooling
method. The results are shown in Fig. 8. Transient thermal
analyses have also been performed, showing a temperature
fluctuation of approximately 0.2 °C per pulse for the
window center, and even lower for the Be-Al welding
joint. Thus, there is no need for dynamic analyses with
respect to thermal shocks.

3.3 Thermal-mechanical response from accidental
thermal shock

Two accident modes require special attention, as
described in Sect. 2. When the energy deposition changes
to ‘accident’ from the normal operation mode, the peak
thermal deposition at the beam center increases sharply, as
shown in Fig. 3. The location of the maximum von Mises
stress moves to the window center because of the sharply
increased temperature gradient, which makes the window
center also a risky location, particularly in the case of
target-destroy modes. At the Be—Al welding joint, the von
Mises stress remains almost the same as in the normal
operation mode. This is also in accordance with the energy
deposition differences of different operation modes, as
shown in Fig. 3.

The transient analyses show that the temperature in one
pulse at the window center jumps by 64.9 °C in target-
destroy accident mode and 32.3 °C in mis-steered accident
mode because of beam shock, as listed in Table 4. The
dynamic analyses with respect to thermal shock must be
considered to evaluate the safety of the window because
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Fig. 7 Response surfaces of the von Mises stress at the Be—Al welding joint with respect to the fillet radii. a In the case of forced air cooling. b In

the case of forced water cooling (Color figure online)
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Table 3 Comparison before and after the sphere radius optimization in normal operation mode

Locations Original design Optimized design
Window center Be-Al welding joint Fillet Window center Be-Al welding joint Fillet
Forced air cooling
Tmax (°C) 532 51.2 64.0 532 51.5 65.1
Omax (MPa) 92.7 106.8 101.7 36.3 61.9 41.4
Stimax (107) 0.08 0.35 1.48 0.03 0.54 0.60
Forced water cooling
Tmax (°C) 68.1 65.5 327 68.3 65.8 327
Omax (MPa) 99.1 114.4 130.9 39.0 72.2 59.8
Stmax (107) 0.06 0.38 1.91 0.02 0.24 0.87

In this table, T},,x is the highest temperature; 0,,,x is the maximum von Mises stress; St,.x is the maximum von Mises strain

dynamic thermoelastic stresses can be much higher than
static ones.

In the case of rapid temperature rise and stress waves
with large amplitudes, understanding and predicting the
resulting stress waves resulting from rapid energy deposi-
tion is considered crucial for robust design and safe oper-
ation. Many factors should be carefully considered,
including design parameters such as geometry and energy
deposition profile, as well as FEA parameters such as the
element size (ES) and time step (7). For the dynamic
analyses, the element size at the window center and time
step can be defined as [14]

0
ga (1)

B
TS < — .

(57

where ¢ is the half length of the temperature transition, E is
the Young’s modulus, and p is the density of the material.
In this study, 0 is approximately 6 mm, according to the
results of the thermal transient analyses. Thus, ES is set to
0.5 mm, and TS is set to 0.02 ps. Compared with the static
or transient analyses discussed above, the element sizes of
dynamic analyses become much smaller, and the beam
center in the case of the mis-steered accident mode shifts
slightly. The sub-modeling method has been used for re-
meshing and temperature mapping which is edited in the
ANSYS parametric design language (APDL) code.

The window is supposed to withstand the thermal shock
induced by a one-pulse accident event. In this study, two
pulses have been calculated under the severe thermal shock
of the two accident modes separately. The steady-state
temperature of the normal operation is set as the initial
condition, and the velocity of the window at the initial time
is assumed to be zero.

ES <

(2)

Three nodes at the axis of symmetry of the window are
recorded, as shown in Fig. 9. Points A, B, and C are at the
helium, medium, and air sides, respectively. Table 5 lists
the highest von Mises stresses before and after the opti-
mization. The optimized window can bring about a 40%
decrease in the von Mises stress at the Be—Al welding joint
for the two accidents, either forced cooled by air or water.
The highest von Mises stresses decrease by approximately
35% at the window center for mis-steered accidents, while
they increase slightly (approximately 5%) for the target-
destroy accident. The optimized structure has great
advantages in stress conditions caused by thermal shock,
especially at the Be—Al welding joint. The highest stresses
at the window center exceed the allowable stress listed in
Table 2 for the target-destroy accident, but they are below
the yield strength. We consider this acceptable because the
accident modes are as short as one-pulse event. The results
demonstrate that the target-destroy accident mode in the
case of forced water cooling is the most dangerous case,
and the thermal-mechanical response is shown in Fig. 10.
At the window center, the von Mises stress increases to a
maximum value of 174.3 MPa at 10 ps because of ther-
moelastic stress resonance, and after the beam pulse, it
converges to approximately 30 MPa. The frequency of the
von Mises stress vibration is approximately 6 MHz.
However, this vibration only lasts approximately 10 ps,
which is in accordance with the spill time. The displace-
ment of the window center is approximately 1.92 mm and
does not change significantly during a thermal pulse.
Despite the large temperature jump at the window center,
the temperature remains almost the same at the Be—Al
welding joint, so do the von Mises stress and deformation.
The dynamic results in the case of forced air cooling show
nearly the same tendency at the window center and Be—Al
welding joint.
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Table 4 Temperature at the
window center in two pulses of
accident modes

Forced air cooling

Forced water cooling

Tnax (°O) AT (°C)* Tnax (°C) AT (°C)
Target-destroy accident 131.1 64.9 141.6 64.9
Mis-steered accident 86.7 323 100.3 323

4T denotes the temperature

@ Springer

variation in one pulse
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Fig. 9 Locations of the three
recorded nodes (Left:

anamorphic window cross- Air
section; Right: node distribution
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Table S Comparisons of the highest von Mises stress before and after sphere radius optimization in the two accident modes within two pulses

(Unit: MPa)

Locations Original design

Optimized design

Window center

Be-Al Welding joint Window center Be—Al Welding joint

Forced air cooling Target-destroy accident 165.1
Mis-steered accident 107.2
Forced water cooling Target-destroy accident 164.8
Mis-steered accident 107.0

106.8 173.2 61.9
106.8 67.0 61.9
114.4 174.3 722
114.4 69.6 722

The FEA results show that the forced air cooling method
demonstrates better efficiency for decreasing the tempera-
ture and von Mises stress of the window in normal oper-
ation, as well as the two considered accident modes, based
on which it is selected as the cooling baseline. However,
the temperature at the flange ring is relatively high and
non-uniform, which is considered an adverse factor. It may
be necessary to add water cooling to the outer ring as
auxiliary cooling to improve safety.

4 Prototype design

A prototype was designed to study the fabrication
technique. Three main welding joints were designed for the
prototype, as shown in Fig. 11. The beryllium inner part is
welded with an aluminum ring (outer part I) first, com-
posing sub-assembly I, taking advantage of the conve-
nience of smaller dimensions. The main body of the outer
part (outer part II) and the flange ring compose sub-
assembly II, which is attached via vacuum electron beam
welding. Finally, the two sub-assemblies are welded
together by vacuum electron beam welding to form the
prototype.

In the process of the window prototype, the most
challenging technique is the Be-Al welding of sub-
assembly I because of the extremely poor weldability of
beryllium. There have been some previous reports on the
brazing of beryllium and copper [17], friction stir welding
of Be—Al powder metallurgy alloy [18], argon-shielded
arc welding in chambers with a controlled atmosphere,
and electron beam welding of beryllium [26]. However,
there have been few reports on the existing application of
Be-Al circular butt welding. The two materials differ
significantly in terms of their melting points and are
insoluble [19], which makes welding very difficult. Other
than ordinary butt welding, the circular welding joint
increases the difficulty because of the large difference in
the coefficients of thermal expansion, which causes it to
break easily when the temperature changes. Moreover, the
uniform thickness further limits the welding technique.
The leak rate requirement of the window itself (sealing at
the flange ring excluded) is assumed to be less than
1 x 107 ? Pam’/s to fulfill the total leak rate require-
ment of the decay pipe of approximately 10 cm® of
helium per minute [1]. The leak rates of the two Al-Al
welding joints should be much smaller than the require-
ment, less than 1 x 10~ ! Pa m3/s, from experience, so
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the leak rate of the Be—Al welding joint should be less
than 1 x 10~ ° Pa m%/s. An order of magnitude smaller is
expected in consideration of the safety margin.
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Two different welding scenarios to solve this challeng-
ing technique. One is butt welding directly by laser weld-
ing or electron beam welding, taking advantage of
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Fig. 11 Welding procedure of
prototype (Color figure online)

Inner part

Outer part |

Outer part Il

Flange ring (

Butt welding ‘ Be A6061 ‘
| | =
Overlap welding Be A6061

5 =

Fig. 12 Two Be-Al welding scenarios (Top: butt welding; Bottom:
overlap welding)

concentrated energy and small heat-affected zones. The
other is overlap welding by vacuum brazing or hot isostatic
pressing after the processing of complementary steps,
taking advantage of the larger overlap area, as shown in
Fig. 12. Many welding factors should be carefully con-
sidered, such as tolerance, oxidation resistance, and weld-
ing power density. In addition, special attention must be
paid to the toxic protection. The welding technique will be
focused on in future work.

5 Conclusion

The structure design and optimization of the upstream
decay pipe window of the LBNF has been carried out. It is
a very large and thin dish-shaped window that combines
beryllium as the inner part and aluminum alloy as the outer
part. Forced air cooling has been chosen from the thermal
analyses, and forced water cooling could be added in the
future if needed. A sphere radius of 2500 mm has been
adopted based on von Mises stress optimization. The

Sub-assembly 1

’ Prototype }

’ Sub-assembly 11 {

dynamic performance with respect to the thermal shock has
been analyzed for each of the two accident modes. The von
Mises stresses in the normal operation mode as well as the
two accident modes have been markedly decreased with a
slight temperature increase, which demonstrates that the
optimization is effective. It seems that there is no potential
static or fatigue failure hazard if the window is successfully
developed. A window prototype has been designed, and
challenging weld technique studies are under way, which
will be the focus of future research. This work tackles one
of the key problems to be solved for the LBNF and pro-
vides a reference for other similar projects.
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