Proposal for a Comprehensive Study of 3D-Printed Scititi
and Light Guides

June 1, 2015

Nilanga Liyanage, Jin Kai, Vincent Sulkosky, Nguyen Tonadthao Zheny
Department of Physics, University of Virginia, Charlottée, Virginia 22904, USA

Guy Ron
Racah Institute of Physics, Hebrew University of Jerusalisrusalem, Israel 91904

Abstract

We propose here a comprehensive study of 3D-printed datotis and light guides. Properties
to be determined include their transparency, light yietat €cintillators), and mechanical properties
and strength. The 3D-printed scintillator components cawimely used in EIC detectors from
constructing shashlyk-type calorimeter modules to gdqmrgpose scintillating detectors. The 3D-
printed light guides will provide an alternative to the centional machining method at a potentially
lower cost and are particularly suited for applications kheomplicated shapes are required. The
requested funding period is for one year and the funds willdel to cover the necessary test setup,
material and supplies, and the manpower needed to condad®&D research. The 3D-printing
method will potentially open up a new venue for samplingetgplorimeter construction. If the test
shows that the 3D-printed scintillator sheets meet theiphlygquirements of shashlyk calorimeter
construction, we will proceed to prototyping shashlyk mleduor the EIC's forward or backward
calorimeter at the next funding cycle, with goals to simpttie construction procedure, to lower the
overall cost, to produce projective-shape modules witk ea®d to study the limitation on the energy
resolution.

1 Overview of Calorimeter Technology in the Collider Era and
the Proposed Study

Calorimeters provide measurement of particles’ energyadenn medium and high-energy exper-
iments. They often also provide triggering and moderateking information. For collider experi-
ments such as those being carried out at the large hadradesqILHC) and being planned for the
electron-ion collider (EIC) [1], both hadron and electranatic calorimeters are needed. Typical
energy resolutions required for Ecal varies betwgen 2)%/v/E to 12%/+/E, while the resolution
that can be achieved for Hcal is limited due to the nature didwic showers, and is typically in
the order ofl00%/v/E. Other constraints on collider calorimetry include contpass, radiation
hardness up td0° rad, and sometimes a projective shape may be desired.

More specifically, for the EIC [1] — the next-generation @#r in medium-energy nuclear physics
focusing on detailed studies of the gluon sea of the nuckb@nQCD vacuum, and tests of the elec-
troweak standard model — three calorimeters will be needexkntral Ecal, which needs to be very
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compact with a moderate2%/+/E resolution; a forward (electron direction) Ecal that regsia
(1-2)%/+/E resolution or &5 — 6)%/~/E resolution if good tracking information is available; and
a backward (hadron direction) Ecal that requires a modéiate- 15)%/+/E resolution. Among
these three, none is required to have projective-shape lemddowever if the EIC is to be built at
RHIC then the central Ecal would be the currently planneddb&rcal for SPHENIX [2], which must
have a projective shape.

Many different technology have been developed for calamiyni@ the past century. The com-
monly used options include lead-glass, Nal and Csl. Theggrmesolution varies from a moderate
5%//E for lead-glass tq1.5 — 2.0)%/+/E for Nal and Csl. However these are not radiation hard
and cannot be used under the harsh environment at collidemgstal calorimeters such as LSO,
PbWQ, or PbF, are radiation hard and with excellent energy resolutiomewer their cost is often
too high for collider experiments where large volumes obdateter are needed. A relatively new
technology is sampling detectors such as SPACAL or Shasdily& modules. They provide a rea-
sonable energy resolution%/+/E is achievable) with a moderate cost. In the following we will
focus on shashlyk technology where the active componenagerof scintillators.

Shashlyk-type calorimeter modules [3, 4, 5] are made ofrating layers of an absorber and
scintillator. Scintillating light is guided out from the rdale by wavelength-shifting (WLS) fibers that
penetrate through all layers and is detected in PMTs or SiAMs shashlyk technique has been used
successfully in recent LHC experiments. It is a cost-effit@ternative to crystal calorimeters while
providing a comparable radiation resistance in the ordeobfad. On the other hand, the drawbacks
of the shashlyk method include the complexity of the modalgpand the module assembly process;
the difficulty to make the modules in a projective shape duthédfixed size and shape of module
parts produced from traditional methods (injection-midgdfor the scintillator layers and stamping
for the absorber layers); and the limitation on the energpltdion due to non-uniformity of both
absorber and scintillator sheets [to provids%a/+/E resolution, the absorber layers are as thin as
(0.3-0.5) mm and the scintillator layers are 1.5 mm. Thinagers are hard to manufacture and the
thickness uniformity is usually limited to 0.025 mm.]

3D-printing is a new and fast-evolving technology. Curhgrthe material that can be 3D-printed
include thermoplastics, thermoplastics mixed with metaliger, acrylic, ceramic, and pure metals
such as aluminum, steel, and tungsten. The resolution &@harinting is typically 0.1 mm and can
reach as low as 0.016 mm using higher-end industrial psniesides the high resolution, the main
advantage of 3D printing is the fast turn-around time, thesgulity of in-house prototyping and
production, and the ease of changing the product shape zadwsiing production which is needed
for producing projective-shape shashlyk modules. 3D printan be done simultaneously with a
number of material, potentially producing end products gingle step and avoiding the assembling
procedure compared to if different parts are produced séglsr

We propose here a first attempt towards constructing shiashddules using 3D-printed scin-
tillators. In the one-year period for which the funding isjuested here, we will focus on a com-
prehensive study of the 3D-printed scintillator parts. Shiatillators will be provided by the R&D
department of Stratasys, a leading 3D-printing companyVe will start from the general trans-
parency, light yield, and mechanical strength and progedf simple-shape samples. Then we will
proceed to testing preshower modules which are made of egiece of 20mm-thick scintilla-
tor with WLS-fiber embedding and will compare the results t@sting modules made from three
different types of scintillators produced from traditibmaethods. As a third step, we will test the
light yield, transparency, and the mechanical strengthiafgcintillator sheets needed for construct-
ing shashlyk modules. Related to 3D-printed scintillateve will also explore the optical clarity
and light transmission of 3D-printed light guides made frcommercially available optical-quality
materials.

Within the proposed one-year funding period, we hope to sthatvscintillators produced using
the 3D-printing method can provide comparable performasafose produced from the traditional
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method. This will open up the possibility of producing picijee-shape shashlyk modules with ease,
and possibly pushing the energy resolution to a couplé 6§ E using thinner 3D-printed layers in
the near future.

2 Shashlyk-Type Calorimetry

As mentioned earlier, shashlyk calorimetry [3] is a type afnpling detectors that provide a cost-
effective alternative to radiation-hard crystal caloriere. Shashlyk-type calorimeter modules are
made of alternating layers of an absorber (such as lead gsteim) and a scintillator. Particles are
efficiently slowed down and stopped by the absorber layerd,the scintillator layers sample the
amount of showers produced. Scintillating light is guided loy wavelength-shifting (WLS) fibers
penetrating through all layers of the module. The energgluéisn is determined to the first order

by
(dE) 1 )
E shashlyk NS
where
E X,
N, = —— 2
E. At (2)

with E the particle energyE. the critical energy E. ~ 550 MeV/Z for electrons), X, and At
the radiation length and the layer thickness of the absofb@r shashlyk modules &0.X, length
constructed from 0.5-mm thick lead sheets, the simple tation of Egs.(1-2) gives an energy reso-
lution of ~ 3.5%/+/E. The thickness of the scintillator would affect energy teton to the second
order, and detailed simulation for modules made of 0.5-nad End 1.5-mm scintillator sheets gives
5%/VE.

Shashlyk-type calorimeter has been widely used in expetisreg the LHC, including ATLAS,
ALICE and LHCb. On the other hand, the construction of Ecatlaies is labor-intensive and proto-
typing is expensive due to the complexity of parts. Figurbdws a possible design of the absorber
and the scintillator sheets for a hexagon-shape shashlyll@o The lateral size is 100 énwith
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Figure 1: A typical shashlyk module layer design.

93 holes spaced uniformly across the surface to accommtdaWLS fibers. Because of the large
amount of holes, scintillator sheets are usually produgeidjection-molding, for which the exper-
tise resides almost solely in Russia. Each mold typicallst &0k which makes up the bulk part
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of the prototyping cost. Although for mass production thddmmst is not as significant, the high
cost of prototyping makes finer adjustment to the designcdiffi A second difficulty common to
shashlyk module design and construction is that the sizbe&tintillator sheet is determined by
the mold. The fixed size of the mold makes it nearly imposdibleonstruct shashlyk modules of
projective shape. (For example to construct the LHC/ALIC&dues [6] which are semi-projective,
scintillator sheets of a fixed size were produced using figaanolding and then cut down to 76
different sizes individually.) Both difficulties also agyb the lead (absorber) sheets which are pro-
duced by stamping for large quantities. Although the stagpeéchnique is available in the US and
the stamping tool can be made of fixed hole positions withelde outer shape and size, the position
and the size of the holes cannot be changed and each stampimgh cost as much as $15k, again
making prototyping cost very high.

Once all sheets are manufactured, they are assembled oniallypeesigned assemly stand. In-
tensive care is spent on designing the assembling standhsatcil holes are aligned. The assembling
process itself is highly-technical, tedious, and labanstoming. For example the LHC/ALICE Ecal
construction of 16,000 modules (4,000 “assemblies”) tdwkue 3 years by ten full-time technicians
and students.

Performance-wise, because of the production techniqueeoheets, there is a limit on how
thin the sheets can be manufactured and how uniform thertegskis. Typically, lead sheets as
thin as 0.3 mm can be manufactured with a tolerance @D25mm. The tolerance of scintillating
sheets can only reach a fraction of mm. For thinner sheetsundormity in the thickness gives
rise to a constant term ifF/ E that limits the overall resolution (8 — 5)%/+/E for EMcal. If the
physics program requires better energy resolution, drigstals must be used which costs one order
of magnitude higher than the Shashlyk.

3 3D Printing Technology

Three-dimensional printing, also known as additive macituféng (AM), is a process in which suc-
cessive layers of material are laid down under computerrobnhese objects can be of almost
any shape or geometry (hollow structure can be printed witka@ndary supporting material that
can be dissolved away after printing). The control can beigdenl from a 3D model or other elec-
tronic data source such as CAD drawings. Earlier AM equipraed materials were developed in
the 1980s, but have only progressed rapidly in the past 5edsy Currently 3D printing is used
in a wide area of applications such as industrial prototypjmoviding low-cost prototypes with fast
turn-around time; high-tech development such as printiggHdensity lithium-ion batteries; printing
medical shielding with highly-customized size and shapéidome project construction by amateurs;
and even educational projects in public schools, allowm&@anage children to learn 3D construction
and modeling and thus provide an interface for them to ppétie in higher-end research projects
long before they enter college.

There are currently three kinds of 3D printing methods. Trst i Fused Deposition Modeling
(FDM), in which spools of plastic filament is melted when ipapaches the tip of the printer and is
printed on a supporting material. The supporting matesidissolved away after printing. The fila-
ment is typically made of thermoplastics such as Acryldeitsutadiene styrene (ABS) or Polylactic
acid (PLA), but can also be made of thermoplastics mixed wigtal powder, providing a density
up to 4 g/cm (independ of the metal powder used) used mostly for medichation shielding. For
parts that requires transparency, acrylic-based mataridle so-called “t-glase” material exist at a
higher cost. The second 3D printing technique is called 4petlyin which liquid “ink” is printed
from an inkjet-like printer head and then is UV-cured to thidsstate. The third is for printing pure
metal or metal alloy, where metal powder is laid down to forihSructures. The powder can be
sintered before printing using an electron or a laser beanit €an be sintered using a “binder-jet”
technique, where a binder material is printed on the metatieo, then loose powder is removed and
the binder-powder mixture is sintered to form metal partee echanical strength of the printed
metal is nearly identical to that of the pure metal.

For all three printing technique, the resolution variesrfr6.1 mm for typical industrial-use



printers, to slightly coarser ones for home and school usest ym for more higher-end models.
The most commonly used 3D printers are the FDM type, withseetging from a few hundreds
of US dollars to tens of thousands. Poly-jets and metal @msritypically cost one and two orders of
magnitudes more, respectively, than FDM printers of coralplarspecificiations.

4 The Method and Potentials of 3D-Printing Scintillators

We propose here a comprehensive study of 3D-printed dabotis. To 3D-print scintillators, one
must formulate a 3D-printer compound from a plastic bash sgintillating components. This tech-
nique is new and highly non-trivial (for an original studyesRef. [7]), and we will be working with
Stratasys (a leading company in 3D printing) to developstiflaiting compounds to use in polyjet
printers. Their current formula produces scintillatorgas with similar light yield to EJ-204 (Eljen),
and they are in the process of improving the mechanical gtineof the product. The compound is
only at the R&D stage and is not for sale, thus we will be obtgjronly samples from Stratasys for
the proposed study, at least in the first year.

If the 3D-printed scintillator performance is comparalol¢ttose produced with traditional meth-
ods, we will proceed to constructing shashlyk prototype abeslin the following years. We would
also like to point out two possibilities where the 3D-pnrgimethod can be particularly interesting
for calorimeter construction. The first is a potentially pler assembly procedure. Alignment pins
can be printed using a different material at the same timeiatng the scintillator sheets, and ab-
sorber and reflective layers can be added by pausing thepafier each scintillator layer is printed.
This procedure could be made automatic, and the only renggteps of module assembly would be
to compress the layers, to add endcaps, and to thread the WAIS.fiThe second possibility is higher
energy resolution. With the precision of 3D-printing and fhct that the cost is only proportional to
the volume of the material and not the number of layers, orghtr@xpect construction of shashlyk
modules made of ultra-thin layers without multipling thestdMe would like to see how high energy
resolution can be achieved.

With the advancementin 3D-printing one might also envisidinal stage where the full shashlyk
module can be printed on a hybrid 3D-printer that combindgj@ioand metal-sintering. The metal-
printing component can print both the absorber sheets aneflective layers (possibly a single layer
of aluminum). The layers can be aligned using alignment psdescribed above. While projects
that involving hybrid printers are beyond the proposed faggberiod, this is an attractive goal and
we will keep it in mind when carrying out the proposed R&D.

5 Proposed Test Plan

5.1 Mechanical Properties

We propose to measure the following mechanical properfidmth the Stratasys scintillator and
the t-glase (a commercially available optical-quality 3Bnping materal): compressive strength,
tensile strength, shear strength, and Young’s modulus lagarsnodules. The focus will be on the
compression strength because shashlyk modules from LHCELdnd LHCb experiments were
all made by compressing the scintillator and the lead sheittisa 500 kg force. This requires a
5x10° N/m? compression strength on the scintillator (no safety faciduded). Samples of different
shapes and sizes will be used depending on the quantity meebaad the test setup. Samples of the
scintillator will be provided by Stratasys, while we will 3frint our own t-glase samples. We hope
to find all necessary equipment in the physics and the engitiedepartments at the University of
Virginia. But we will include a $2k in the budget to cover m@a and supply. It is expected that
we will need to iterate multiple times with Stratasys to imya the mechanical properties of the
scintillator.



5.2 Transparency and Light Yield Test Using Rectangular Blaks

We will test the transparency of both t-glase and the stamtit using samples of simple rectangular
shape, blue LEDs, and a spectrophotometer from the UVaigghgiemo lab. For the light yield test,
we will optically couple the sample directly to a PMT and maasthe MIP response using cosmic
rays.

5.3 Preshower Transparency and Light Yield Test

A common design for the Preshower module is a thick scimitléile with WLS fiber embedded to
guide out the light. We choose a specific preshower designHige 2) for which the the UVa group
has already had extensive experience. We have already stshower prototypes of this design
made of different scintillating base materials includirgywinyltoluene(PVT) (Eljen), polysterene
(IHEP), and phenylethene (Chinese Kedi). All three prgtetygavex 80 photoelectrons when two
1-mm diamter Kuraray Y11 fibers were used (each embeddeeigritove 2.5 turns) and the fiber
output was read out using a Hamamatsu R11102 PMT. We wily carrthe transparency test using
blue LED lights and a spectrophotometer from the UVa/pts/damo lab, and then the light yield test
by both coupling a PMT directly to the side of the prototyped &y WLS-fiber embedding. We will
compare results from the 3D-printed sample with all othezelexisting prototypes. The cosmic test
of the 3D-printed Preshower module will provide the first rettderization of detector performance
using 3D-printed scintillating material.

Preshower Design grooves tapered from 6mm in circle
20-mm thick hexagonis to 2mm on the edge

Figure 2: Proposed preshower module for testing. Left: metie design for the preshower
tile. The grooves are for embedding the WLS fibers; Right: eslpower tile produced by
the Chinese Kedi company that we already tested.

5.4 Shashlyk Sheet Light Yield Test (“Hedgehog” Test)

To examine the quality of the 1.5-mm thick scintillator stsgfer shashlyk module construction, we
plan to set up a “hedgehog” test where 93 WLS fibers are irénte the holes of the scintillator
sheet, see Fig. 3. The inserted fiber ends should be just abeveles. To increase light yield,
a single mirror may be attached to the scintillator’'s topfate. The other fiber ends are grouped
and coupled to a 2-in dia PMT. Response to cosmic rays will basured. Since we don't have
any scintillator sheets with known light yield on hand, warpto procure EJ-200 sheets (Eljen)
as the reference. If the 3D-printed material has a compaiaiit yield as the polysterene-based
ones (which we will know from the preshower test), we exphetMIP response to be about 12
photoelectrons which should be straightforward to meastteasurement of light yield below 2



photoelectrons will be difficult, but in that case the liglelg of the 3D-printed scintillator will be
too low to be useful for detector construction.

scintillator sheet to be tested
can attach mirror to fiber top en

93x WLS fibers

PMT

Figure 3: Hedgehog test to determine the cosmic light yiélddividual shashlyk scintilla-
tor sheets.

6 Possible Use of the Shashlyk Calorimeter with 3D-Printed &n-
tillators for EIC

As described in the overview section, the detector packagéhe EIC will have three Ecals: the
central compact Ecal with 8% /+/E resolution, the electron-direction Ecal wit{ &— 2)%/vE

or 5%/+/E resolution depending on the final tracking precision, ardiadron-direction ecal with
a(12 — 15)%/+/E) resolution. The shashlyk calorimeter can be used for bwh%/+/E electron-
direction Ecal and thél2 — 15)%/+/E hadron-direction Ecal straightforwardly. In additioreth is

a possibility that the 3D-printing method can improve thergy resolution of shashlyk modules to
better thars%/+/E, and the the flexibility of the method may also be proven udefuthe central
Ecal.

7 Budget Request

Table 1 shows the proposed budget. We request here fundaddraif-time postdoc, material cost
necessary for the proposed tests, and for traveling to BNEtefult reporting. The multiple Shashlyk
sheets from Eljen will serve as the references and will bd tmeboth testing the mechanical strength
and the light yield hedgehog test.

[The postdoc to be supported by the requested funding ... ...



Item cost

Two scintillator bars (Eljen) for triggering the cosmicttes $1,400
Five EJ-200 shashlyk sheets (Eljen) as references $1,570
Readout PMTs for the cosmic test (2 R11102) $800

Other material and supply $2,000
Travel $1,000
Half-time postdoc support (incl. 28% F.B.) $38,400
Total Request (direct only) $45,170
Total Request (including 58% UVa F&A cost) $71,369

Table 1: Funding request for the proposed research.
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