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DEFORMED STATE’S SIMULATION OF THE FIRST-GRADE
TITANIUM FOIL OF THE ACCELERATOR OUTPUT WINDOW

The output accelerator windows, particularly the used metal foils are studied. The
work was carried out to assess the strength of the first-strength grade titanium foil and the
choice of variable parameters of the thickness of the foil. Depending on the latter, the
simulation was performed by the finite element analysis in the ABAQUS automated
software environment. The distributions of displacements, plastic strains of concavity
caused by pressure differences, and radial and circumferential stresses have been studied in
the foil's static state for 10 metal foils with a thickness of 50...500 microns. The basic
dimensions of the titanium metal film are introduced: thickness and diameter. Atmospheric
pressure was applied as an external force of influence, and the vacuum pressure was
assumed to be zero. The metal shells were divided into a large number of nodes, which
ensured higher accuracy for simulations. As a result of simulation, curves of the
displacements of the selected points of the metal foil in the direction of the Y axis,
depending on the values of the radiuses, and the curves of the strains intensities
distributions of the metal foil were built, which were also analyzed. The metal foil of the
output window was investigated so that simulation results could be applied to both output
windows: mechanical connection and diffusion connection.
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Introduction. Accelerator output windows play the primary role in accelerator
technology, especially in the linear electron accelerator AREAL. Since an ultra-
high vacuum is provided in the accelerator, it is necessary to transfer an electron
beam from a vacuum to an atmospheric pressure environment, preserving the
characteristics of the beam as much as possible.

Modern accelerators are used not only for research purposes but also for
solving practical problems. Today particles generated by accelerators can penetrate
into any surface, the size of which sometimes reaches several meters. This property
of accelerated particles is widely used in a high number of fields. Accelerated
particles are no less widely used in radiation technologies, particularly in new
materials production (modification), sterilization of medical devices, environmental
protection, radiation treatment of food, etc. Obtaining new materials significantly
impacts modern mechanical engineering, aircraft engineering, automotive
maintenance, the military industry, the production of household items, etc. New
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materials make it possible to obtain parts with higher physical and mechanical
properties in military aircraft, weapons, ammunition productions, and other places.
Polymerization makes it possible to obtain new types of modified porous materials,
which are also widely used in the production of heat pipes, filters, etc. Electron
accelerators make it possible to clean the environment, for example, natural water,
running water and its deposits, and emitted gases, as well as recycle solid waste.
Charged particle accelerators are complex equipment and combine various
fields of science and technology: radio frequency systems, magnetic systems,
vacuum systems, thermoregulation systems, radiation diagnostics technologies, etc.
Only an effective combination of all systems and subsystems allows you to control
the accelerator and get the desired result. The subsystems include the output windows
(Fig. 1), which are an integral part of the accelerator and whose purpose is to extract
charged particles from the environment of ultrahigh vacuum (10%...10'° mbar).

Fig. 1. An accelerator output window model

Since electron accelerators operate in a vacuum environment, a beam of
electrons is exited into an atmospheric pressure environment through an output
window. The latter has a simple design consisting of one or two flanges, gasket and
a metal shell(s). Along with such a simple design, it is difficult to maintain the
tightness of the connection, stability, and durability of foil. In literature, examples
of patents for output windows with a mechanical connection are given [1-3], from
which in [1] it is not determined from what material the sealing ring is made of,
and the flange geometry is not shown in the area of its landing, which doesn't
comply with international standards of vacuum connections. So, at least, there is a
problem with the system's sealing. In [2], a constructive solution is given in terms
of the strength of foil, taking two metal foils instead of one, however, in this case,
repeated problems arise with inaccuracies in the assembly of the unit and
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maintaining the stability of the foil. [3] is a solution of a mechanical construction
with two foils, between which an intermediate gas (or atmospheric gas with a lower
pressure or other inert gas) is poured, which pressure must be controlled by a
measuring and signaling unit. Thus, in [3], the problem of stability of two foils was
solved (although with the addition of assistive resources), but from the point of
view of the beam, it will have a certain scattering in four layers (foil — inert gas —
foil — atmosphere) instead of two (foil — atmosphere), which will negatively affect
the output parameters of the accelerator. In [4], was designed and calculated a
rectangular output window (for specific purposes), in which only the distribution of
stress intensity on the foil was studied, and titanium flanges were used. In [5], the
structure of the output window with a beryllium metal coating and titanium flanges
was studied. It is obvious that in [4, 5] quite expensive and not accessible materials
were used, and special-purpose output windows were obtained. In [6], a diagram of
the deformation of the first-grade titanium foil with different granule sizes and
different heat treatment temperatures was obtained experimentally. The diagrams
obtained in [6-8] are applicable for performing virtual calculations of foils as
properties characterizing their real elastic-plastic state, which are absent in all
calculations in literature, leading to big inaccuracies. Thus, having studied the
characteristics of the foils used in the output windows used in accelerator
technology, we can say that the later deserves a more thorough study.

The purpose of the work is a computer simulation of the deformed state of
the first-grade titanium foils used in accelerator technology.

The initial data of the task. The process was simulated in the SIMULIA
2019 software environment (ABAQUS) with the following initial data: the studied
foil thicknesses & =50...500 microns, diameter d =36.83 mm. Since the function of
the output windows is to conduct an electron beam from a vacuum to an
atmospheric pressure environment with minimal losses, the atmospheric pressure
of 1 atm used as an external influence.

The influence of the vacuum is assumed to be 0 afm since an ultra-high
vacuum is provided in the accelerators, the pressure of which is 107%...10"° torr.
The separation range of the foil finite element grid: the number of nodes is
1110...5166, the type of cubic elements is CAX4R, and the number of elements is
920...4422. The simulation was carried out for an axisymmetric foil section (Fig. 1).

Based on the studies carried out in [7], the deformation diagram of a pure
first-grade titanium material was used for modeling (Fig. 2) as a plastic property of it.
The following physical and mechanical properties of the material were also introduced
as initial data: density p = 4510 kg/m3, Young's modulus E = 1,05 - 10°MPa,
Poisson’s ratio u = 0,37.
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Fig.2. Deformation diagram of the first-grade titanium material

Modeling of the first strength grade titanium foil of accelerator output
windows. Due to the influence of the atmospheric pressure, the titanium foil in the
accelerator output window unit undergoes plastic deformation up to its plastic
destruction. Since there are no studies of the stress-strain states of the foils of the
output windows of accelerators in the available literature, the primary task is to
study only the foil as the most vulnerable part of the output window.

Fig. 3 shows the zones of stress intensity distribution (g; = Mises) and
deformations (g; = PEEQ) and displacements in the direction of the y axis (u, = U2).
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Fig. 3. Zones' distribution of the stress-strain state of the titanium shell: a; (a, b), €; (c, d),
Uy (e, f), where: 6=60 microns (a, c, e) and =100 microns (b, d, f)

When the foil is mechanically connected, it is attached at the edges between
the flange and the O-ring, i.e. the fastening is carried out along the flange's knife
edge. Based on the above, in the ASE, the foil was fixed in diameter with the
deprivation of six degrees of freedom. The modeling was carried out in the APS
"ABAQUS" for the 10 thicknesses of the foils. A total of 30 distribution zones
were obtained, 6 of which are shown in Fig. 2.

The simulation output from the finite element analyses was derived from the
fixed section of the foil to the center. Since the foil bends towards the vacuum, and
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the nodes on this side receive maximum displacements, it is advisable to take the
values of the stress-strain state components from this side. The following diagrams
were obtained for the above nodes (Fig. 4).
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Fig. 4. Displacements of the selected nodes of the foil relative to the Y axis depending on
the values of the radius

Fig. 4 shows the displacements of the selected nodes of the foil in the
direction of the Y axis for 10 thicknesses of the range 6=50...500 microns. The
diagrams obtained correspond to the shapes of the sections of foil. The greatest
interest are the displacements of the central nodes of the foil, which at a thickness
of 50 and 60 microns take quite large values. During the study of thicknesses, revealed
the phenomenon that at a thickness of 60 microns, radial and circumferential stresses
(om, 0g) for all nodes in the fixation zone, they take positive values, whereas at a
thickness of 100 microns, the stresses in the nodes from the atmospheric pressure
side are positive, and in the nodes from the vacuum side are negative (Fig. 5). From
the above, it is obvious that in the range from 60 to 100 microns there is a value dx
of the foil thickness, starting from which, from the vacuum side, the stresses take
negative values. Analyzing it, we can say that under the condition §<6x, the foil in
the support nodes undergoes tensile deformations over the entire thickness, and at
0x>0, the foil works like a beam (the upper fibers are stretched, the lower ones:
compressed). The phenomenon is more clearly shown in Fig. 5.
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Fig. 5. 0y, o stresses’ signs in the fixed zone of foil for thicknesses in the range from 60 to
100 microns

To choose the optimal thickness, in addition to the displacements of the nodes, it
is necessary to study another important parameter: plastic deformation. Fig. 6 shows
the strain intensity curves (&i) of the foil's nodes from the vacuum side at the same
10 thicknesses in the range from 50 to 500 microns.
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Fig. 6. Strain intensity distribution curves of the metal foil

Comparing the data obtained in Fig. 4-6 it can be assumed that the plastic
strains of the central nodes of the foil, which began with the thickness o, sharply
decrease. It can be assumed that the sharp decrease in strains is due to the presence
of the phenomenon shown in Fig. 5. As for the thicknesses 8<0y, their plastic
strains in comparison with the case >0« take on large values. For example, at a
thickness of 100 microns, plastic strains of the central foil nodes account for ~27%
of the strains at a thickness of 60 microns. Studying the support nodes for the
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above thicknesses, it is obvious that there is the following range: 350...5,...400, and
when 08,<0<d,, there are insignificant plastic strains in the support nodes
(~0.56...0.001%). This phenomenon is explained by elastic strains caused by the
tensile stresses of the support nodes at a thicknesses of 6<dx, and at 8,<0<9,, the
support nodes of the foil are subjected to bending deformations crossing the
plasticity boundary. As for the case 6>dy, atmospheric pressure doesn’t provide
sufficient stress state (despite the presence of curvature) to cross the plasticity limit
of the support nodes. Nevertheless, it should be noted that at 6>0dx, the question
arises about the permeability of the titanium foil for the electron beam, that is,
deterioration of the initial parameters of the beam is possible. That is, the choice of
the thickness of the first-grade titanium foil for the accelerator output windows
should be made in the range Omin<0<0x, where Omin is the minimum allowable foil
thickness. Since the modeling of foils in the ASE was carried out with a dynamic
load, in this work only its static state (without vibration processes) is considered, so
to accurately determine the thickness of Omin, it is also necessary to study the
dynamics of foils, since according to preliminary data, its plastic strains can
increased several times, which greatly limits the permissible thickness range.

Conclusion. Studied the stress-strain state of the first-grade titanium foils of

accelerator output windows, we obtained:

e with a thickness of 50 to 500 microns, the cross-section shapes of metal
foils in deformed states as displacement curves of grid nodes;

e in the range from 60 to 100 microns, there is a value dx of the foil
thickness, starting from which, from the vacuum side, the stresses om and
op take negative values, i.e. in the case of 6>0dy, the foil is subjected to
bending in the support zone;

e plastic strains of the central nodes of the foil, starting from the thickness 9,
decrease sharply, and plastic strains for the thickness §<dx in comparison with
the case 5>8y take large values (for example: (}20™F™m /60 mkmy . 1009% ~
~ 27%);

e at 0,<0<9d,, there are insignificant plastic strains in the support nodes
(~0.56...0.001%);

e it became clear that the choice of thicknesses should be made in the range
Omin<0<dyx, to clarify which it is also necessary to study the dynamics of
metal foils.

This work was supported by the Higher Education and Science Committee of
RA (Research project Ne 234A4-2D015).
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2.U. bUNPLS, U.2. YUY 63U, 49.C. U4USI3UL

UruQusnks2b GLRUSHL NMUSNRZULE, UNULEL TUUP SPSULE
UtSUNULUNULEDP YEHNITUSIUO 1h&UUEP UNTELUMNCOAPUT

Nuunidbwuhpyby b wpuqugnigswihl bpught wwnnthwbibpp, dwuubwynpugbu’
tpwig Utp Yhpwnynn dbnwnupunuiptbpp: Ugjuwnwbptbp B junwpyl] woweht wd-
pnipjuil puuh whnwtk dknunupunuiph wdpnipjut quuwhwndwi hwdwp® honthnjow-
Jwl pimpughp pinplng dknuqupunuiph hwunnpyniap: Ibpehtthg juudws dnnb-
juynpnidubp E junwpyt) ABAQUS wyunndwinwgws sSpugpuyhtt thowuypnud (WOU)
Jtpowynp nwupptph dkpnnny (ASU): Unwwnpl Jpwlnid ntuntdbwuhpyty tu 50...500 4§
Uhguluyph 10 hwunmpynibikph Uknwnupunubpitph’ gapdwi wupphpmpiniihg wow-
owgud qnquynpnipjui wyjuwuwhl pidnpdughwitph, swnwynuyht b opowtiuyhtt jupnid-
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utph pwohuénipniuubpp, nnuihnjunipnitubpp: Lkpdnisdt) ki mhunwih dknwnu-
punuph hhdtwlwb swihtpp hwunmpniup, wpudwghdp: Npybu wpnwpht wgnnn nid
Jhpwnyty £ dptnnpuughtt Lugnidp, hull yulninidh dhongny gupnidt punnit]ty £ qpn: Ut-
nwnupunuuplbpp padwtyt) B ks pyny hwugnygutph, npnyd wywhnyyt) kb dnpbjw-
Ynpnidubiph Uks Lounmpnitintpp: Unpljugnpmditph wpyniipmy juonigl) Eu Y wnwigph
uundwdp Ukinunupunubph pinpgus Yenkph nbguhnpungemabtph qpubhlibpp fupe-
Jws swnwynh dkdnmipinitiitbphg, b Ubnwnupwnuiph nhidnplughwubph htnkuuhynip-
jutt puohudwt Ynpbkpp, npnip bu Yyhpnisyk) Eu: Gpuwghtt wuwnnithwith dbnunupunuiph
ntuntdbwuhpyl) b wjtybu, np dngljudnpnudubph wpnyniupubtpp Yhpwekih jhuku Gpught
wunnthwbbph U dkpwbhjulwt dhugdwl, b ghpnighnt dhugdwi nhygpkpmd:

Unwigpughl punkp. tipuhtt ywwnnithwt, nhnwik dbnunupwnuip, Julnmud,
nhdnpuwugus Jhdwl:

I''A. UCYHI, A.A. JABTSH, B.1ll. ABAT'SITH

MOAEJIMPOBAHUME JE®OPMUPOBAHHOI'O COCTOSHUA
TUTAHOBOM ®0JIbI'M IEPBOI'O KJIACCA BBIXO/JIHOI'O OKHA
YCKOPUTEJIA

W3y4eHsl BEIXOHBIC OKHA YCKOPHTENSA, B YaCTHOCTH, UCIIONb3yeMas B HAX METall-
nueckas onbra. PaboTa mpoBoAMiIachk C LENBIO OLEHKH NMPOYHOCTH TUTAHOBOW (hOJBIU
MIepBOTO KJIacca MPOYHOCTH M BHIOOpA MEPEeMEHHBIX XapaKTEPUCTHK TOIIMHEL (Goibru. B
3aBUCHMOCTH OT ITOCJICIHET0 BBIIOJIHEHO MOJIEIMPOBAHUE METOIOM KOHEUHBIX JJIEMEHTOB
B aBTOMaTH3UpoBaHHOI nporpammHuoii cpeqe ABAQUS. B cratnyeckoM COCTOSIHUM U3YYEHBI
pacnpenenenus, cMemienus 10 Metaumueckux mieHok Tommuaon 50...500 mxu, miactu-
4yeckue neopMalii BOTHYTOCTH, BbI3BaHHBIC Pa3HUILICH ABICHUH, & TAKXKE pauaibHble 1
OKpY>KHBIe HanpspkeHus. [IpoBenieH cpaBHUTENBHBII aHATN3 ITOyYeHHBIX PE3yJIBTaTOB U OII-
peneneH HauOoJiee ONTUMAJIBHBIA UANa30H TOJIIMHBI METAJUTUUECKOH (OJIbrUu ¢ TOYKH
3peHsI MPOYHOCTH U BRIOPAaHHOTO MaTepuana. B kadecTBe BHEIIHEH CHIIBI BO3ICHCTBUS
MIPUMEHSUIOCh aTMOc(epHOe NaBIeHHE, a NaBICHHE CO CTOPOHBI BaKyyMa IPHHHMAJIOCH
paBHBIM HyJr0. MeTtayummaeckie 000I0UYKN ObUTH pa3/ieNieHbl Ha OOJIBIIOe KOJIMYECTBO Y3JI0B,
410 00ecrednBasio OOJIBIIYI0 TOYHOCTH B MOJEIMPOBAaHMSAX. B pesynbrare MomenupoBaHHs
MOCTPOEHBI TPA(UKHN CMEIICHNI BEIOPAHHBIX TOYEK METAUIMYECKON (DOIBI'M OTHOCUTEIBEHO
ocu Y B 3aBUCHMOCTH OT 3HaYCHUI paJiilyca U KPUBBIE paclpeaeieH si HHTEHCUBHOCTH Jie-
(dopmanuii MeTauTueckoil Gosbry, NpoBeAeH Ux aHainu3. Meramnyeckas (oibra BEIXO-
HOTO OKHa OBLIa HCCIIeI0BaHa TaKHMM 00pa3oM, 9TO Pe3yJIbTaThl MOACIUPOBAHUS IPUMEHUMBI
K BBIXOJHBIM OKHaM, KaK K MEXaHHYECKOMY COEIUHEHUIO, TaK U K TU(PPy3HOHHOMY.

Kntrouegwie cnoea: BEIXOJHOE OKHO, TATAHOBAS METAJUINYECKast (OIbra, BAKyyM, Je-
(hopMHUpPOBaHHOE COCTOSIHUE.
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