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12 Beryllium is a material extensively used in various particle accelerator beam lines and target facilities,
13 as beam windows and, to a lesser extent, as secondary particle production targets. With increasing beam
14 intensities of future multimegawatt accelerator facilities, these components will have to withstand even
15 greater thermal and mechanical loads during operation. As a result, it is critical to understand the beam-
16 induced thermal shock limit of beryllium to help reliably operate these components without having to
17 compromise particle production efficiency by limiting beam parameters. As part of the RaDIATE (radiation
18 damage in accelerator target environments) Collaboration, an exploratory experiment to probe and
19 investigate the thermomechanical response of several candidate beryllium grades was carried out at
20 CERN’s HiRadMat facility, a user facility capable of delivering very-high-intensity proton beams to test
21 accelerator components. Multiple arrays of thin beryllium disks of varying thicknesses and grades, as well
22 as thicker cylinders, were exposed to increasing beam intensities to help identify any thermal shock failure
23 threshold. Real-time experimental measurements and postirradiation examination studies provided data to
24 compare the response of the various beryllium grades, as well as benchmark a recently developed beryllium
25 Johnson-Cook strength model.
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27 I. INTRODUCTION

28 Beryllium is currently widely used as the material of
29 choice for critical accelerator components such as beam
30 windows and secondary particle production targets in
31 various accelerator beam lines and target facilities. One
32 of the main challenges facing beam windows and targets
33 exposed to high energy high-intensity proton beams is the
34 induced thermal shock in the material from beam pulses of
35 short duration [1]. Dynamic stress waves are generated due
36 to the high-temperature gradient and differential expansion
37 set up by the nearly instantaneous temperature jump in the
38 localized region of the beam spot [2]. These dynamic
39 propagating stress waves, driven by inertia and super-
40 imposed on the already present quasistatic stresses in the
41 material, can be large enough to push the material beyond
42 its yield point to cause plastic deformation or crack

43initiation and even failure if the crack propagates through
44the material. Therefore, it is essential to thoroughly under-
45stand the material’s thermal shock response and identify
46any failure limits in order to successfully design and
47reliably operate critical beam-intercepting accelerator com-
48ponents such as beam windows and targets.
49With the increasing beam intensities of future multimega-
50watt accelerator facilities, beam-intercepting components are
51expected to operate in even more extreme environments,
52potentially pushing materials close to their thermal and
53structural limits. The Long Baseline Neutrino Facility at
54Fermilab [3] is an example of such a facility, where intense
55proton beams (up to 2.4 MW, 120 GeV, 1.5 × 1014 protons
56per pulse, beam σrms ∼ 1.5 mm, 9.6 μs pulse length) will
57interact with beam windows and targets to produce intense
58neutrino beams for the Deep Underground Neutrino
59Experiment (DUNE). The induced stresses from the desired
60beam parameters currently exceed a very conservative target
61design stress limit based on static beryllium yield stress at a
62low temperature and strain rate [4]. Hence, to avoid com-
63promising particle production efficiency by limiting beam
64parameters, it is important to experimentally identify the
65thermal shock limits and failure mechanisms of the material
66at high strain rates and temperatures.
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67 The thermal shock response of beryllium has previously
68 been studied within the fusion energy community, where it
69 is the plasma facing material of choice for the International
70 Thermonuclear Experimental Reactor fusion test reactor
71 [5]. Linke et al. [6] and Spilker et al. [7] have used electron
72 beams to mimic the high energy density deposition and
73 induced thermal shock expected on the inner walls of a
74 fusion tokamak. Microstructural studies were then per-
75 formed to evaluate material degradation and resistance to
76 thermal shock from varying loading cycles. The induced
77 thermal shock in these studies, however, occurred only in a
78 very thin layer below the surface of the beryllium,
79 analogous to the expected operating conditions in fusion
80 reactors.
81 On the other hand, for high energy proton beams
82 (>100 MeV) in accelerator target facilities, thermal shock
83 is typically induced through the volume of the beam-
84 intercepting material. The resulting thermal and dynamic
85 stress fields generated are consequently different from the
86 surface thermal shock case in previous fusion reactor
87 studies. Therefore, it is essential to use high energy proton
88 beams to replicate the operating conditions of target facility
89 components by simultaneously imposing a high strain rate
90 and high-temperature conditions in a localized volume of
91 the beam-intercepting material.
92 A beryllium in-beam experiment (HRMT-24) at CERN’s
93 HiRadMat facility was therefore proposed and carried
94 out within the RaDIATE Collaboration [8] framework to
95 impose strong thermal shock effects from high-intensity
96 proton beams. The HiRadMat facility [9] is a user facility at
97 CERNwhich can deliver a high-intensity pulsed beam to an
98 experimental area where accelerator materials and devices
99 can be tested under a controlled environment. The facility

100 uses the 440 GeV=c beam, extracted from the Super Proton
101 Synchrotron (SPS), with adjustable beam parameters
102 (bunch intensity, number of bunches, and bunch spacing)
103 to meet the needs of each experiment. With the HiRadMat
104 beam parameters, it was possible to expose beryllium to
105 thermal shock levels not previously encountered in existing
106 accelerator facilities while also pushing the material to
107 its limit.
108 The main objectives of the experiment were to expose
109 and compare various commercially available grades of
110 beryllium to high-intensity proton beams in order to
111 (i) identify and quantify thermal shock limits, (ii) explore
112 the threshold of failure modes (crack initiation or fracture)
113 under controlled localized strain rates and temperatures,
114 and (iii) benchmark advanced highly nonlinear numerical
115 simulations by collecting real-time and postirradiation
116 experimental material response data.

117 II. BEAM-INDUCED THERMOMECHANICAL
118 RESPONSE IN BERYLLIUM

119 The HiRadMat facility has the capability to deliver
120 proton beams of up to 4.9 × 1013 protons per 7.2 μs pulse

121(maximum of 288 bunches with 1.7 × 1011 protons per
122bunch) with an energy of 440 GeV and a Gaussian beam
123spot size ranging from 0.1 to 2 mm beam sigma [9]. The
124number of bunches (0.375 ns bunch length) in each pulse,
125the bunch spacing (25, 50, 75, or 150 ns), and the beam spot
126size can be controlled before the beam is extracted to the
127experimental area to induce the desired thermal shock
128effect in the experiment. For beryllium, the beam param-
129eters were carefully chosen to push the material to its solid
130limit (close to the melting temperature) with a single 7.2 μs
131beam pulse (288 bunches with 25 ns bunch spacing).
132Several MARS Monte Carlo [10] particle-matter simulations
133were performed to determine the required beam parameters
134to achieve the desired conditions. MARS volumetric heat
135deposition results were then input into ANSYS

® and
136LS-DYNA® finite element analysis (FEA) software to evalu-
137ate the expected temperature rise and resulting mechanical
138response in the material.
139For a thin beryllium disk, interacting with a single high-
140intensity HiRadMat beam pulse of 0.3 mm beam sigma
141and 4.9 × 1013 protons per 7.2 μs pulse, the FEA results
142indicate a peak temperature of 1050 °C, close to beryllium’s
143melting temperature (1285 °C). With the steep Gaussian
144radial temperature gradient that is induced in the material
145over a very short timescale, large dynamic stresses are
146expected to be generated in the disk because of thermal
147shock. For the current LBNF design beam parameters, the
148temperature jump in beryllium is expected to be around
149200 °C, which pushes the material beyond its elastic limit
150during a single pulse. Operating a beryllium beam window
151in the elastic-plastic regime is somewhat unexplored and
152uncertain, and, therefore, the HiRadMat beam parameters
153in this experiment were chosen accordingly to probe the
154failure threshold and limit, stretching from the elastic to
155plastic deformation regime and up to close to the material’s
156melting point. The primary goal is to identify the real
157experimental limit of the material and, hence, avoid
158compromising beam parameters, to maximize the physics
159benefits.
160During the design of the experiment, limited and
161extrapolated temperature- and strain-rate-dependent beryl-
162lium material properties from the literature [11] were
163input into the structural FEA analyses to evaluate the
164beam-induced stresses and strains. The LS-DYNA® elastic-
165viscoplastic material model (MAT_106) [12] was imple-
166mented, and Fig. 1 shows 2D axisymmetric contour plots of
167effective strains and stresses for a 0.75-mm-thick beryllium
168disk at the end of the beam pulse and upon cooldown back
169to room temperature.
170Large effective strains of up to 3.6% are induced at the
171end of the beam pulse [Fig. 1(a)], and, after the disk cools
172down back to room temperature, a peak residual effective
173strain of up to 3% remains [Fig. 1(c)]. The residual strain is
174exhibited by permanent out-of-plane deformations (on the
175order of a few micrometers) in the beam spot region on both
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176 faces of the disk. This highly localized plastic deformation
177 is caused when the instantaneously heated region is
178 constrained from expanding by the surrounding cooler
179 material, during the short beam pulse (much shorter than
180 the heat dissipation time). This sets up the thermal shock
181 effect, and dynamic stress waves start to propagate in both
182 the axial and radial directions of the disk. The residual 3%

183effective strain for the case simulated in Fig. 1 exceeds the
184reported failure strain (∼2% for S-200-F at RT) in the
185literature [13]. This suggests that, for this set of beam
186parameters where the temperature of the beryllium is
187rapidly brought close to its melting point, internal cracking
188or perhaps fracture of the disk near the beam spot region
189can be expected. Also note that the stresses upon cooldown

F1:1 FIG. 1. Beam-induced effective strain and stress in 0.75-mm-thick Be disks: (a) strain and (b) stress (Pa) at the end of the beam pulse
F1:2 (7.2 μs, ΔT ∼ 1050 °C) and (c) strain and (d) stress (Pa) at room temperature after cooldown (0.3 s, T ∼ 25 °C).

F2:1 FIG. 2. Simulation results showing (a) permanent out-of-plane deformation and (b) residual effective strain of a beryllium disk as a
F2:2 function of the beam intensity (σ ¼ 0.3 mm) after cooldown back to room temperature following a single beam pulse.

2

THERMAL SHOCK EXPERIMENT OF BERYLLIUM … PHYS. REV. ACCEL. BEAMS XX, 000000 (XXXX)

3



190 exceed the material’s reported ultimate tensile stress of
191 about 365 MPa [13].
192 Figure 2 shows out-of-plane deformation and effective
193 total strain simulation results as a function of beam
194 intensities and beryllium disk thicknesses, after being
195 subjected to a single beam pulse and allowed to cool back
196 down to room temperature.
197 It is shown that, at even lower beam intensities (72 bunches
198 with 1.2 × 1013 protons in 1.8 μs) where the peak temper-
199 ature jump is about 330 °C, some residual permanent out-of-
200 plane deformation (∼0.5 μm) is expected. Therefore, by
201 subjecting several arrays of beryllium specimens of varying
202 thicknesses to increasing beam intensities, possible thermal
203 shock failure thresholds or limits can be identified.
204 Dynamic stresses, driven by inertial effects during the
205 short beam pulse and superimposed on the quasistatic

206stresses, further increase the peak stresses in the material.
207Figure 3 shows simulation results of dynamic effects on
208the circumferential surface of a thick beryllium cylinder
209(r ¼ 20 mm, L ¼ 30 mm) upon interaction with the
210HiRadMat beam incident 2 mm from its cylindrical edge.

211III. HRMT-24 EXPERIMENTAL SETUP

212The experimental chamber consisted of four vertically
213separated arrays of specimens with each array exposed
214to single or multiple beam pulses of varying intensities.
215Figure 4 shows the overall experimental setup with the
216experimental chamber installed on the HiRadMat mobile
217table. The chamber sat on a vertical lift tower which was
218remote controlled and dc-motor actuated and with a
219positioning precision of �100 μm to allow for accurate

F3:1 FIG. 3. Beam-induced dynamic effects from the HiRadMat beam (σ ¼ 0.3 mm) as a function of the beam intensity (1.7 × 1011

F3:2 protons per bunch), (a) radial velocity and (b) axial strain.

F4:1 FIG. 4. Experimental setup. (a) Outer chamber installed on the HiRadMat mobile table, and (b) interior of the outer chamber showing
F4:2 specimens and inner containment boxes.
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220 vertical alignment of each specimen array to the incident
221 beam. Small apertures on the upstream and downstream
222 ends of the chamber allow the proton beam to enter and exit.
223 Because of the toxicity of beryllium and the potential for
224 radioactive contamination upon beam interaction, the
225 experimental chamber was based on a double (dynamic)
226 containment design to ensure proper containment of the
227 beryllium. An outer containment chamber enclosed several
228 hermetically sealed inner containment boxes that contained
229 the various specimens. This allowed for the internal air
230 volume of the outer chamber to be continuously evacuated
231 by an air pump via a HEPA filter (tube connections not
232 shown in Fig. 4) during the experiment. This maintained a
233 lower pressure within the outer chamber and ensured that
234 no airborne particulate escaped from the outer containment
235 chamber during the experiment. The HEPA filter, analyzed
236 upon the completion and disassembly of the experiment,
237 provided a check on containment breach of the hermetically
238 sealed inner boxes.
239 A beam position and profile monitor assembly [14,15],
240 positioned and aligned upstream of the experimental
241 chamber, provided beam diagnostics by measuring the
242 location and profile of each beam pulse. As a secondary
243 beam diagnostic tool, dosimetry films precisely positioned
244 inside of the experimental chamber and in conjunction with
245 a radiation-hard camera mounted on the mobile table
246 monitored beam alignment in real time as the films were
247 exposed by the beam. Optical windows allowed visual
248 access for a radiation-hard camera and a high-resolution
249 camera, as well as for a laser Doppler vibrometer (LDV)
250 system used to measure the surface displacement and
251 vibration of specific specimens. Mirrors mounted accu-
252 rately on the mobile table provided the optical path to the
253 high-resolution camera, LDV, and data acquisition systems,
254 positioned behind shielding blocks in an adjacent tunnel
255 (TT61) to the HiRadMat experimental area (TNC tunnel).
256 Thin disk specimens ranging from 0.25 to 2 mm thick
257 were enclosed in the upstream boxes in each array, while
258 the downstream boxes contained instrumented thicker

259specimens (30-mm-thick slugs) for real-time measure-
260ments. The inner boxes were hermetically sealed with
261optical windows and glassy carbon beam windows. The
262dosimetry films were oriented by 45° to the beam axis to
263allow for imaging with the radiation-hard camera. A second
264set of dosimetry films positioned at the downstream end of
265the box, perpendicular to the beam, were also analyzed at
266the end of the experiment to provide further beam position
267information.
268The design specimen test matrix, as illustrated in Fig. 5,
269consisted of four commercially available grades of beryl-
270lium (S-200-F, S-200-FH, S-65, and PF-60 [16]) with
271differing impurity content, consolidation processes, and
272mechanical strength properties. The strength properties of
273the beryllium grades are given in Table I (PF-60 grade
274strength data not available in the literature). A few thin
275disks were precharacterized by electron backscatter dif-
276fraction (EBSD) analysis and were selectively placed in
277arrays 1 and 4. The thin disk specimens, with a 200 nm rms
278surface finish, were analyzed during postirradiation exami-
279nation (PIE) work after the completion of the experiment.
280Real-time thermal and mechanical response measure-
281ments were obtained from the slugs that were enclosed in
282the downstream inner boxes of each array. The slugs were
283aligned so that the beam impacted the front face of the slug

F5:1 FIG. 5. Test matrix showing specimen type, size, grade, and beam intensity.

TABLE I. Material data for various grades of beryllium
(quasistatic test conditions) [17].

Grade
Yield strength

(MPa)
Tensile strength

(MPa)
Elongation

(%)

S-200-FH 327 455 4.3
S-65 (transverse) 293 412 8.7
S-65 (longitudinal) 290 391 5.7
S-200-F
(transverse)

244 368 6.3

S-200-F
(longitudinal)

249 341 3
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284 3.2 mm away from the cylindrical edge in order to obtain
285 larger signals during the online measurements. Strain and
286 temperature gages, attached to the beryllium slugs,
287 measured the circumferential strain and surface temper-
288 ature immediately upon beam interaction. An LDV laser,
289 directed perpendicular to the slug’s cylindrical surface,
290 measured the radial vibration and deformation in real
291 time. The S-200-F grade was arbitrarily chosen for the
292 LDV measurement, as the expected thermomechanical
293 dynamic response differences between the different
294 beryllium grades was somewhat unknown prior to the
295 experiment. Note that the PF-60 grade was omitted as a
296 slug due to its unavailability in thicknesses greater than
297 3 mm. Figure 5 also provides the design beam intensities
298 for each array. Array 2 would receive two beam pulses
299 separated vertically on the specimens, and array 3 would
300 receive multiple beam pulses at the same location on the
301 specimens to explore plastic deformation accumulation
302 due to cyclic loading.
303 Figure 6 shows the slug inner boxes and the experimental
304 chamber assembly. Prior to installation in the tunnel, the
305 components of the experimental chamber, instrumentation,
306 and data acquisition systems were all assembled and
307 tested on the mobile table in the HiRadMat service building
308 (BA-7). Using fiducials and laser tracking systems, an
309 alignment and a survey of the experimental chamber were
310 performed on a dummy experimental table in BA-7 to
311 accurately position the chamber with respect to the theo-
312 retical beam line position. Figures 6(a) and 6(b) show the
313 strain and temperature gages attached to the cylindrical
314 surface of the slugs enclosed in their inner containment
315 boxes and mounted on the vertical base plate. A mockup of
316 the optical path was also created in BA-7 to test the high-
317 resolution camera and the LDV signal strength from the
318 specimen surface [green LDV laser on the upstream slug in
319 array 4 visible in Fig. 6(a)]. Figure 6(c) shows the outer
320 containment chamber assembled to the vertical lift tower, as
321 well as the radiation-hard camera mounted and oriented
322 perpendicular to the angled dosimetry films.

323IV. EXPERIMENTAL PARAMETERS
324AND RESULTS

325Table II summarizes the extracted beam parameters for
326each pulse imposed on the four arrays. A total of 11 beam
327pulses were sent to the experiment, with the bunch intensity
328averaging about 1.3 × 1011 protons per bunch. The beam
329spot shape was slightly elliptical with an average beam
330sigma of σx ¼ 0.3 mm and σy ¼ 0.25 mm.
331Because of accelerator operational constraints at the time
332of our experiment, lower beam intensities than the design
333specifications (σx;y ¼ 0.25 mm, 1.7 × 1011 protons per
334bunch) were delivered to the specimen arrays. As a result,
335instead of the desired 1000 °C maximum beam-induced
336temperature jump in array 4, only a 640 °C jump was
337achieved due to the larger beam sigma and lower average
338bunch intensity of the beam extracted to the experiment.
339The 640 °C temperature jump over the 5.4 μs beam pulse
340attained in this experiment was, however, still larger than
341what beryllium has been previously exposed to during
342operation in current accelerator facilities.

F6:1 FIG. 6. Installation and testing of the HRMT-24 setup. (a) Inner containment boxes of slug specimens, (b) strain and temperature gages
F6:2 on beryllium slugs, and (c) outer containment chamber.

TABLE II. Extracted beam pulses to the experiment.

Pulse
no.

Array
no.

Bunches
per pulse

Protons on
target

Beam sigma
σx (mm)

Beam sigma
σy (mm)

1 3 24 3.20 × 1012 0.30 0.20
2 2.1 36 4.72 × 1012 0.27 0.21
3 2.2 72 9.51 × 1012 0.31 0.23
4 1 144 1.87 × 1013 0.28 0.26
5 3 144 1.85 × 1013 0.30 0.31
6 3 144 1.82 × 1013 0.31 0.24
7 3 144 1.86 × 1013 0.30 0.29
8 3 144 1.75 × 1013 0.30 0.27
9 3 144 1.93 × 1013 0.30 0.27
10 3 144 1.93 × 1013 0.30 0.27
11 4 216 2.79 × 1013 0.30 0.27
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343 A. Online thermomechanical measurements

344 The 30-mm-thick beryllium slugs at the downstream end
345 of each array [Fig. 6(b)] were included in the experiment to
346 provide real-time measurements of the strain, temperature,
347 and radial vibration or displacement upon interaction with
348 the beam. The quasistatic strain and temperature evolution
349 immediately after the beam pulse was recorded with strain
350 and temperature gages (4 kHz sampling frequency), while
351 the dynamic radial vibrational response (4 MHz sampling
352 frequency) of the slugs was acquired with the LDV.
353 Because of the availability of only one LDV system, only
354 the response of the upstream-most slug (S-200-F) in each
355 array was measured.
356 Figure 7 shows the temperature response, measured by
357 temperature sensors (HBM TT-3=100), on the cylindrical
358 surface of the slugs located in array 3 (pulse 5, 144
359 bunches) and array 4 (pulse 11, 216 bunches). Shortly
360 after the beam pulse, the temperature on the surface rises to
361 a maximum and drops back down to room temperature
362 within one second. As expected, a higher peak temperature
363 was recorded for the slugs located in the highest beam
364 intensity array [Fig. 7(b)–array 4]. However, a distinctive
365 temperature response for each of the beryllium grades in
366 each array was observed, with the S-65 grade consistently
367 showing higher temperatures, followed by the S-200-FH
368 and S-200-F grades. This may intrinsically be explained by
369 potential differences in the thermal conductivity of the
370 different beryllium grades, but a closer look at the data also
371 suggests that higher energy deposition and thus higher peak
372 temperatures were likely induced in the downstream slugs
373 due to the particle shower generated from the upstream
374 slugs. This can be inferred by the initial peak electrical
375 noise signal (electromagnetic interference), measured
376 shortly after the beam impact. The magnitude of the peak
377 noise signal, shown at time ∼0 in Fig. 7(a), is larger for the
378 most downstream slug S-65, followed by S-200-FH and
379 S-200-F grade slugs, suggestive of particle shower gen-
380 eration from the upstream slugs to the downstream slugs
381 based on the slug ordering in each array. Another plausible
382 explanation is that the slug inner boxes, relative to the

383experimental box, were slightly misaligned to the beam,
384leading to the beam impacting the slugs at different distances
385from the cylindrical edge where the temperature sensors
386were attached. One can reasonably argue that the beam was
387closest to the edge of the S-65 slug (downstream end) and
388furthest away from the S-200-F slug (upstream end).
389The circumferential strains induced by the beam
390were measured using HBM LY11-3/120 linear strain gages
391attached to the cylindrical surface of the slugs with M-Bond
392610 adhesive. Because of the limitation on the sampling
393frequency (4 kHz) of the available data acquisition system,
394only the quasistatic strain response was measured instead
395of the megahertz-range frequency sampling frequency
396required to capture the dynamic strains. The thermally
397induced strain measurements were temperature compen-
398sated offline after data acquisition and completion of the
399experiment. Figure 8 shows the strain response of the
400beryllium slugs from beam pulses 1 and 11, imposed on
401array 3 and array 4, respectively.
402Clearly observed in Fig. 8 is the high strain response
403right after the beam pulse (few microseconds) followed by
404decreasing strain as the slug cools back down to room
405temperature. With the 24 bunches in pulse 1, the induced
406strain stays within the elastic limit of the material as
407predicted, and the strain returns to zero after the slug cools
408down to room temperature. On the other hand, for the
409216-bunch case, significant residual strain remains upon
410cooldown, indicating that the initial induced strain from the
411beam pushed the material past its yield strength. Because of
412the varying yield strengths of the different beryllium grades
413and potentially larger induced temperatures from particle
414shower generation, the variation observed in the strain
415response between the grades is expected. However, with the
416possibility of beam misalignment discussed earlier, it is
417difficult to extract meaningful comparisons between the
418grades until exact beam location data are obtained.
419The LDV data collected to obtain radial velocity and
420displacement data from the slugs were, unfortunately, too
421noisy, as the reflected laser signal from the surface of the
422beryllium was weaker than expected. This was mainly due

F7:1 FIG. 7. Temperature response on a cylindrical surface of beryllium slugs in (a) array 3 (144 bunches) and (b) array 4 (216 bunches).
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423 to the laser having to go through multiple optical windows
424 and mirrors before reaching the LDV sensor located behind
425 shielding blocks in the adjacent tunnel. As a result, the
426 radial vibration and displacement data are not presented in
427 this paper.

428 B. PIE of thin disk specimens

429 After a sufficient cooldown time, the experimental
430 chamber was disassembled at CERN and the thin disk
431 inner containment boxes were retrieved and shipped to the
432 University of Oxford’s Department of Materials for PIE
433 work. Light microscopy was first used to inspect the
434 surface of the disk near the beam spot region, and analyses
435 revealed no cracks or fracture. Profilometry was then
436 carried out using an Alicona InfiniteFocus [18] system
437 to measure the out-of-plane deformation [as predicted in
438 Fig. 2(a)] induced in the beryllium disks as a function
439 of thicknesses, beam intensities, and beryllium grades.
440 Figure 9 shows surface deformation profile maps obtained

441with the profilometer for 0.75-mm-thick S-65 disks from
442array 1 (144 bunches) and array 4 (216 bunches). The
443216-bunch case [Fig. 9(b)] clearly shows a larger defor-
444mation area and peak than the lower-intensity 144-bunch
445case [Fig. 9(a)].
446Figure 10 shows the measured peak out-of-plane defor-
447mations of the 0.75- and 2-mm-thick disks from arrays 1, 3,
448and 4 exposed to different beam intensities. Results for the
4490.25 mm disks are omitted because of the large uncertainty
450in the surface profile measurement for these disks, mostly
451due to the surface roughness interfering with the lower
452measured out-of-plane deformations for these thinner disks.
453For the same reasons, measurements for disks in array 2,
454which were exposed to lower pulse intensities, are not
455included.
456As inferred from the plots, the S-200-FH beryllium grade
457generally shows the least amount of permanent out-of-
458plane deformation, while the S-200-F grade shows a larger
459deformation. This can be attributed to the larger yield

F8:1 FIG. 8. Circumferential strain response of beryllium slugs in (a) array 3, 24 bunches, and (b) array 4, 216 bunches.

F9:1 FIG. 9. Profilometry maps of 0.75-mm-thick S-65 beryllium disks in (a) array 1 (144 bunches) and (b) array 4 (216 bunches).
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460 strength reported for S-200-FH when compared to the other
461 grades (Table I), thus incurring the least amount of plastic
462 deformation. On the other hand, the smallest yield strength
463 of the S-200-F grade leads to higher plastic deformation.
464 Disks in array 3, which were exposed to multiple beam
465 pulses (6 × 144-bunch pulses) at the same location, confirm
466 the effect of plastic strain ratcheting, where plastic deforma-
467 tion accumulates upon cyclic loading. Results show higher
468 plastic deformations than for specimens in array 1, where
469 only a single 144-bunch pulse was imposed. The following
470 sections further analyze the out-of-plane deformation profile
471 measurements and the benchmarking of numerical simula-
472 tions based on a newly developed nonlinear strength model
473 for the S-200-FH grade beryllium.

474 V. NUMERICAL VALIDATION
475 OF EXPERIMENTAL RESULTS

476 A. Development of beryllium Johnson-Cook
477 strength model

478 A highly nonlinear beryllium strength model was devel-
479 oped and implemented to help benchmark finite element
480 analysis results with the experimentally measured beam-
481 induced permanent out-of-plane deformations on the sur-
482 face of the beryllium disks. The Johnson-Cook model [19]
483 was chosen for this application, as it accounts for both
484 strain rate and temperature effects on the material flow
485 stress, which are key variables to accurately model beam-
486 induced material response (high strain rates and temper-
487 atures). The yield stress of the model which incorporates
488 strain hardening, strain rate, and thermal softening effects
489 are defined by

σY ¼ ½Aþ BðεpeffÞn� · ½1þ C _ln ε�� · ½1 − Tm
H�; ð1Þ

490491 where εpeff is the equivalent plastic strain, _ε
� ¼ _εpeff=_εo is the

492 dimensionless plastic strain rate (generally, _εo ¼ 1 s−1),
493 A, B, C, n, and m are material constants determined

494 experimentally, TH ¼ T−TR
TM−TR

is the homologous temper-
495 ature, TM is the melting temperature (1558 K for Be), and

496TR is the reference temperature when determining A, B, and
497n (293 K in our case)

4981. Evaluation of Johnson-Cook
499strength model parameters

500Split Hopkinson pressure bar experiments at elevated
501strain rates and temperatures were performed by Southwest
502Research Institute (SwRI) on grade S-200-FH grade beryl-
503lium to evaluate the material parameters of the Johnson-
504Cook strength model. Tension and compression tests were
505carried out at 20 °C, 300 °C, 500 °C, and 600 °C with strain
506rates of 10−5 s−1 and up to 103 s−1. The tests revealed that
507only compression tests provided significant information
508on the plasticity of the S-200-FH material, and, based on
509SwRI’s previous experience in characterizing the Johnson-
510Cook model for various materials, the compression test
511results were mainly used to derive the model parameters.
512The resulting Johnson-Cook strength parameters are listed
513in Table III along with other relevant material properties
514for S-200-FH beryllium.

5152. Finite element model implementation

516A 3D finite element model was created based on the
517beryllium disk geometries used in the experiment (diameter

F10:1 FIG. 10. Peak out-of-plane profilometry measurements of (a) 0.75-mm-thick and (b) 2-mm-thick beryllium disks.

TABLE III. Johnson-Cook model parameters in LS-DYNA® for
S-200-FH grade beryllium.

Parameters

ρo 1821 kg=m3

G 138 GPa
K (c1 in EOS) 115 GPa
A 432 MPa
B 1280 MPa
C 0.009
N 0.5
M 1.3
Pcutoff −1012
SPALL 1
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518 of 15 mm with thicknesses of 0.75 and 2 mm). Mesh
519 optimization was carried out using ANSYS

® workbench [20]
520 multizone method to create a finer mesh around the beam
521 center and a relatively larger mesh away from it, while
522 adequate layers of elements were created through the
523 thickness of the disk to capture the expected stress
524 gradients. A minimum of 15 elements were created within
525 one sigma of the beam spot in the radial direction to ensure
526 that a smooth radial temperature profile was generated.
527 A two-step analysis was carried out for the thermal-
528 structural simulation using ANSYS

® workbench and LS-
529 DYNA

®. As ANSYS
® workbench does not support implicit

530 analysis with the Johnson-Cook model, only the transient
531 thermal analysis was carried out in ANSYS

® workbench,
532 after which the results were exported to LS-DYNA® for the
533 structural analyses with the Johnson-Cook model. For
534 the thermal analysis, volumetric energy deposition from
535 the proton beam interaction with the material was first
536 calculated by the radiation physics code MARS [10] based
537 on the Monte Carlo method. The nodal time-dependent
538 temperature results from ANSYS

® were then exported to LS-
539 DYNA

® where the MAT15 Johnson-Cook strength material
540 model was implemented. The damage and spallation
541 modeling features in this material card were turned off
542 in the simulations, as no damage parameters were devel-
543 oped for the material. A high negative value for pressure
544 cutoff, 1 × 1012 and SPALL ¼ 1, was selected to avoid the
545 spallation algorithm and to allow the full range of stress
546 calculation in the tensile as well as compressive regimes.
547 This model also required an equation of state (EOS) for the
548 material in order to properly capture the hydrodynamic
549 behavior. Since we do not expect the pressure generated
550 due to thermal shock to change the material’s density
551 significantly, a simple EOS based on the material bulk
552 modulus was chosen for our simulation. Simulations were
553 carried out for beryllium disks with two different thick-
554 nesses (0.75 and 2 mm) exposed to two different beam
555 intensity pulses (144 and 216 bunches).

556 3. Profilometry raw data processing

557 The surface profile measurements from the Alicona
558 InfiniteFocus [18] optical profilometer produced a point
559 cloud of 2.5 million data points with a grid spacing of
560 2.5 μm. The initial raw data analysis showed a lot of noise
561 including a baseline noise of 0.5–1.0 μm, short-range noise
562 with a peak value of 0.5 μm spaced at about 50 μm, and
563 medium-range artifacts at regular intervals of 500 μm
564 which may have compromised the actual out-of-plane
565 displacement profile measurement near the beam center.
566 As a result, filtering out of the short- and medium-range
567 noise was necessary before comparing the experimental
568 displacement profile and magnitude with numerical results.
569 A MATLAB

® software routine was written to process the raw
570 data and fit to a high-order polynomial fit. After several
571 iterations, a polynomial fit function of the tenth order was

572determined to be the most effective at fitting the raw data to
573remove the noise in the displacement profile, as shown
574in Fig. 11.
575The final displacement profile was obtained by averag-
576ing multiple data paths (over 50 μm) along the major axis
577of the elliptical shape of the beam and used to compare
578with the corresponding displacement profile from the
579coupled ANSYS

® and LS-DYNA® numerical simulations.

580B. Results

581Figure 12 shows a comparison of the out-of-plane
582displacement profiles along the beam spot major axis
583between experimental measurements and simulation
584results. Since the Johnson-Cook model parameters were
585developed for the S-200-FH beryllium grade, a comparison
586with experimental results is accurate only for that grade.
587As can be seen in the plots in Fig. 12, the simulation results
588match generally well with the experimental data in terms of
589the peak and shape of the displacement profile.
590However, for the 2-mm-thick specimens exposed to 216
591bunches in array 4, the numerical simulation underpredicts
592by about 20%. It should be noted that the SPS beam
593emittance prior to extraction to the HiRadMat experimental
594area could not be measured for the highest-intensity beam
595pulse (array 4, 216 bunches) due to the beam intensity
596operational limit set on the wire scanner device. The beam
597spot size shown in Table II for array 4 (pulse 11) is the
598average of the beam spot sizes measured for array 3 (pulses
5995–10). As a result, discrepancies between FEA results and
600profilometry measures for specimens in array 4 may be
601attributed to the uncertain beam spot size for pulse 11.
602Further FEA analyses showed a high sensitivity of the
603beam spot size on the displacement profile peak where a
60410% reduction in beam sigma led to an almost 50%
605increase in the peak displacement magnitude. Therefore,
606a small variation in the beam sigma can influence the
607resulting displacement profile quite significantly.

F11:1FIG. 11. Efficacy of a higher-order polynomial fit for raw
F11:2profilometry data.
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608 The relatively good agreement between numerical results
609 and experimental measurements primarily indicates that the
610 flow stress characteristics of the S-200-FH beryllium grade
611 over the range of temperatures and stresses induced in the
612 specimens have been accurately captured in the numerical
613 simulations. Figure 13 shows how the yield stress of the
614 S-200-FH beryllium grade material, calculated from the
615 Johnson-Cook model, varies with the strain rate and
616 temperature. The shaded red area on the plot indicates
617 the range of strain rates and temperatures that were induced
618 in the beryllium during this experiment as well as those
619 expected in future accelerator beam-intercepting devices.
620 As evident in Fig. 13, the yield stress can increase by up
621 to 20% at high strain rates for different temperatures.
622 Therefore, it is important to consider the strain rate effect
623 in simulations and predictions of material mechanical
624 response from beam-induced thermal shock.
625 The actual displacement profiles for the different beryl-
626 lium grades show more variation in the peak magnitude
627 than in profile widths. This variation may be attributed to
628 differences in the material yield strengths of the different
629 grades. In all cases, irrespective of beam intensities and the

630thickness of specimens, it is observed that grade S-200-FH
631has the minimum displacement of all grades, as it has the
632highest yield strength. In order to further investigate this
633observation, a sensitivity analysis of Johnson-Cook param-
634eters was carried out to understand differences in the
635displacement response of the different grades. Figure 14

F12:1 FIG. 12. Comparison of numerical results with displacement profile measurements along the beam spot major axis. (a) Array 4 (pulse
F12:2 11, 2 mm disk), (b) array 4 (pulse 11, 0.75 mm disk), (c) array 1 (pulse 4, 2 mm disk), and (d) array 1 (pulse 4, 0.75 mm disk).

F13:1FIG. 13. Flow stress of beryllium grade S-200-FH as a function
F13:2of the strain rate and temperature.
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636 shows a sensitivity displacement profile response after
637 changing each of the Johnson-Cook parameters by 25%.
638 Each of the material constants B, C, and m, which
639 correspond to the hardening coefficient, strain rate coef-
640 ficient, and temperature index respectively, has a significant
641 effect on the peak displacement magnitude. However, the
642 material yield strength parameter A clearly has the largest
643 influence on the peak displacement magnitude. This
644 therefore indicates the importance of using strain-rate-
645 and temperature-dependent yield properties to improve
646 the accuracy of simulation results of beam-intercepting
647 devices.
648 Even though no surface cracking of the beryllium
649 specimens were observed, there is a possibility that micro-
650 cracking inside the specimens near the beam spot occurred.

651If that is the case, the microcracks would also contribute to
652the amount of residual deformation measured by profil-
653ometry. This is another factor to consider when comparing
654the profilometry measurements with the Johnson-Cook
655(without damage model) numerical simulations.
656Figure 12 also shows the dependence of the displace-
657ment profile shape on the specimen thickness. Thicker
658samples display a relatively flat top and broader bump size
659irrespective of beam intensities, evident in both profilom-
660etry measurements and numerical simulations. This may be
661explained by the effective plastic strain and stress triaxiality
662factor distributions within the specimen, as shown in
663Fig. 15. For thicker specimens, the volume under the beam
664center undergoes a negligible plastic deformation which is
665corroborated by higher stress triaxiality values in that
666region (higher ratio of mean stress to Von-Mises stress).
667A higher stress triaxiality indicates that the region is under
668considerable hydrostatic stress, leading to minimal distor-
669tion and hence less plastic deformation. The plastic strain
670distribution shows that the region a little away from the
671beam center has undergone a plastic deformation, while the
672central part has elastically recovered. Therefore, the dis-
673placement profile reveals a flat top between the shoulders
674of the plastically deformed region on either side of the
675beam center. High stress triaxiality also indicates that the
676region is in a three-dimensional state of stress (plane strain
677condition) which resists plastic deformation. In the case
678of the thinner specimens, stress triaxiality is negligible,
679corresponding to a situation of the plane stress condition
680where the plastic zone encompasses the total thickness of
681the sample. Thus, the maximum plastic strain is formed
682under the beam center in the thinner specimens, with a
683more rounded peak displacement profile (no flat top).

F15:1 FIG. 15. (a) Effective plastic strain and (b) triaxiality factor distribution, on a cross-sectional plane passing through the beam spot
F15:2 major axis at the end of cooldown after a 216-bunch pulse.

F14:1 FIG. 14. Sensitivity analysis of Johnson-Cook parameters
F14:2 (array 4, pulse 11, 2 mm disk).
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684 VI. CONCLUSIONS

685 The thermal shock response of various commercially
686 available beryllium grades, induced by high energy high-
687 intensity proton beams at CERN’s HiRadMat facility, was
688 successfully and safely investigated. The experiment was
689 designed to test and push beryllium to its failure limit, and,
690 even though lower than desired beam intensities were
691 attained, the degree of thermal shock induced was still
692 larger than beryllium material is currently exposed to in
693 currently operational target facilities. The online measure-
694 ments and PIE results from this experiment provided
695 valuable information and insight on the complex beam-
696 induced thermomechanical response of the different beryl-
697 lium grades.
698 For the nearly instantaneous maximum temperature
699 jump of about 640 °C imposed in this experiment, no
700 surface cracks or failure in the beryllium disks were
701 observed via optical microscopy. This, however, does
702 not rule out the possibility of microcracks on the interior
703 of the specimens which were not visible with optical
704 microscopy. Profilometry measurements revealed a varying
705 degree of induced plastic strain deformation, as exhibited
706 by out-of-plane surface deformations between the different
707 beryllium grades. The S-200-FH grade, due to its higher
708 reported yield strength, was shown to consistently exhibit
709 the least amount of plastic deformation, compared to the
710 other beryllium grades. Furthermore, plastic strain ratchet-
711 ing due to cyclic loading from the beam was confirmed and
712 measured by the magnitude of the out-of-plane deforma-
713 tions in the specimens from array 3. Differences between
714 the out-of-plane deformation profile with respect to the
715 thickness of the specimen were observed from the profil-
716 ometry measurements and attributed to be a function of the
717 stress triaxiality distribution around the beam spot region.
718 The experiment’s objective of benchmarking numerical
719 models with measurements was also successfully achieved.
720 A newly developed Johnson-Cook model for S-200-FH
721 beryllium was validated with experimental measurements.
722 The numerical results showed relatively good agreement
723 with profilometry surface profile measurements, which
724 now provides better confidence in simulating the thermal
725 shock response of current and future S-200-FH beryllium
726 components. The benchmarking results, using the Johnson-
727 Cook model, also indicated the importance of accurately
728 considering the strain rate and temperature dependency in
729 determining the yield stress of the material. As shown for
730 beryllium S-200-FH grade in Fig. 13, the yield stress at
731 elevated strain rates can be up to about 20% higher than
732 the quasistatic yield point. As a result, a higher yield point
733 can provide an extra margin in the design of future higher-
734 intensity beam-intercepting devices and is an important
735 aspect to consider to avoid compromising secondary
736 particle production efficiency by limiting beam parameters
737 on such devices. Another essential factor to consider when
738 determining safety margins for beam-intercepting devices

739is the long-term radiation damage effects on material
740properties. Previous studies [13,21,22] have shown a
741significant degradation in thermal and strength properties
742of beryllium from high energy particle irradiation, which
743can have a negative impact on the structural and thermal
744integrity of the component over time. Therefore, careful
745consideration of radiation damage effects and the resulting
746material property degradation is needed when evaluating the
747thermomechanical response of beam-intercepting devices.
748The challenges faced during the execution of this experi-
749ment included lower than desired beam pulse intensities
750(larger beam size and lower bunch intensity), as well as a
751possible misalignment of the slug specimens during
752real-time measurements of the strain and temperature.
753Therefore, a follow-up experiment (HRMT-43) at the
754HiRadMat facility has been executed during 2018 to
755address these issues and to also incorporate the unique
756aspect of comparing the thermal shock response of pre-
757viously proton-irradiated materials (irradiation-induced
758damaged materials) [23] with nonirradiated materials.
759Finally, to improve benchmarking of numerical simulations
760with experimental measurements, the development of the
761Johnson-Cook damage model for beryllium is desired. This
762will provide the ability to predict failure and crack initiation
763(microcracking inside of the material) of the material and
764more accurately simulate the expected out-of-plane defor-
765mation and structural response of the material.
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