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Facility For Rare Isotope Beams (FRIB)

» FRIB is a US DOE Office of Science scientific user facility (one of 28) intended
to provide beams of rare isotopes — located on MSU campus

» FRIB started in 2008 and reached the last project milestone in January 2022,
five months ahead of schedule and on budget

= Experiments began in May 2022. FRIB is open to researchers from around the
world based on scientific merit — Program committee approximately once per

year
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Key FRIB Features that Enable Discovery

» FRIB’s key feature is 400 kW beam power
*8 puA or5x 1013 238y /s
« 42 puA or 2.6 x 104 48Ca /s

= Experiments with fast (200 MeV/u), stopped (trapped),

and reaccelerated beams (0.6 to 10 MeV/u)

= Separation of isotopes
In-flight provides
 Fast development time for any isotope
« Beams of all elements and short half-lives

= [sotope harvesting capability from beam dump water
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Experiments with fast, stopped,
and reaccelerated beams
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The S800: a high-resolution, high-acceptance spectrograph

* Analysis Line » Spectrograph
« Total length: 22 m with three diagnostics stations: OBJ, [IM, TAR - Total length: 18 m with one diagnostics station: FP
» Five quad triplets + four 22-deg dipoles « Two quadrupoles + two 45-deg dipoles
« Two ion-optics modes: » No high-order elements
» Focus (F): achromatic OBJ - TAR » Aberrations are corrected analytically using measured
» Dispersion Matched (DM): dispersive OBJ - TAR (D = 11 cm/%) field maps
- Momentum acceptance: P * Acceptance:
» +2% Focus (F) Focalikine » Mor.nentum: +2.5%
» £0.5% Dispersion-Matched (DM) station » Solid-angle: 20 msr

« Resolution:

» Angular: 2 msr
» Momentum: 0.1% (F) / 0.01% (DM)

Spectrograph
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Bazin et al., NIMA 2003 — " o =

S800 Wiki (https://wikihost.nscl. msu.edu/S800Doc) WO ™ G- s
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S800 spectrometer: PID at the focal-plane

PID: Bp-dE-ToF

> Focal Plane detector system for heavy-ion PID

eacti
Ro§CtB%n ! Z~J8E - B? - (A, ToF) fonization Chamber Timing  yogoscope
100-400mg/cm- Variable  DC,+mask DC,+mask scintillator
A e Bp slits
—:———>f(x ToF)
Q uchy Beam
Q= AE%  f(TKE,x,ToF) .
Reaction product identification Position (x,y) Position (x’,y’)
S800 spectrograph =
’; " - lonization chamber:
~ Cathode Readout Drift E AEB/E fragile thin foils
. Chamber (CRDC): £ ) e thin fol
Position and angles 2 * Energy resolution
2 x CRDCs (30x60cm?), 1m 2 AE/E = 1.2%
apart, filled with 40 Torr & Plast'c(gﬁc—:?r?tql)lator
5 ic Scinti ;
CF4(20%)+C4Hy0 4 « Time resolution ~450ps
-+ Slow detector, Rate < 5kHz )
*  Poor position resolution Time of flight (arb. units) Hogojr%c;ggb'c Csl
>1mm "y !
crystals

T Aging problems .
| » TKE resolution 0.85%

Improve AE/E needed to explore new regions of the nuclear chart for nuclear structure and
nuclear astrophysical studies = heavy beams (up to U) expected from FRIB!
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Parallel-plate lonization Chamber (IC) for AE measurement

» Present system for Z identification based on AE measurement based on parallel-plate IC
» 16 stacked parallel-plate IC (each 17 long) filled with P10 (300-600 Torr)
* Bias optimized to 80 Volt/cm.

= Performance

N o _ _ ) Plastic Scintillator
» Rate capability < 6 kHz (limited by signals pile up) /1 / TOF
» Large plate capacitance - low Signal-to-noise 1 CRDC
» Good energy resolution (~1.2% sigma) for Z < 50 _— \ Tracking

Hodoscope
TKE, isomer tagging

Cerizza G. et al, Phys. Rev. C 88, 051301(R) (2013).
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New Concept: Energy-Loss Optical Scintillator System

Scintillation light

Scintillation from the Xe-Xe

excimer emission process

Hamamatsu
R8520-406
. Optical Readout
(PMTs)
\}7 ."_\\J‘ Charged Particle \
N /
™
L] | |

Inner reflective electrodes

Work supported by the NSF-MRI grant: PHY-2017986
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Operational principle:

-) Large volume filled with high-scintillation yield gas (Xe)

-) Excitation created along the track of a charged patrticle that
crosses the volume

-) De-excitation with emission of intense, prompt scintillation light
*) Optionally: stimulated emission of electro-luminesce light

-) The light readout by array of photodetectors that surround the
detector effective volume

-) dE/E based on Xe scintillation light detection

-) High scintillation yield =» 28 photons/keV - 70% of Nal(TI)

-) Fast process =» scintillation photons emitted within a few ten nsec

-) Homogeneous medium, no radiation damage

-) Compact and flexible geometry

-) Scintillation light detection based on well-developed technology
=>» single-electron sensitivity with 30% quantum efficiency
=>» time resolution < 100 ps

-) Easy purification and high efficiency gas recovery technique

-) Readout decoupled from the sensitive medium =» high SNR

-) Optical readout configurations
-) Array of Hamamatsu PMTs (120 units) model R8520

-) Commercially available DAQ
-) Based on QDC-MDPP-32 for PMT-based readout
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ELOSS Optical Readout: R8520-PMT arrays

» Geometry: array of Hamamatsu PMTs (model R8520-406) in a chess-like board configuration

. . Pa R8520-406 R8520-506 Uni
Dimension 30mm x 30mm rameter Min. Typ. Max. Min. Typ. Max. nit
Luminous (2856 K) 80 100 — 80 100 — LA/Im
Effec. Area 20.5mm x 20.5mm Blue sensitivity index (CS 5-58) | — 1.0 | — — | 95 — —
Cathode sensitivity | Radiant at 420 nm — PR — — 80 — mA/W
Quantum efficiency at 175 nm ( 30_) — — 3 — %
Quantum efficiency at 420 nm — bl — — 25 — %
Anode sensitivity Luminous (2856 K) 40 100 — 40 100 — AW
Gain — 1% 108 — — 1x108 — —
Anode dark current (After 30 minute storage in darkness) — 2 20 — 2 20 nA
Anode pulse rise time — 1.8 — — 1.8 — ns
Time response Electron transit time — — — 12.4 — ns
Transit time spread (FWHM) D ‘ 0.8 ! | - — | 08 — ns
Pulse linearity (2 % deviation) — —_ — 30 — mA
R8520
Oftlcal reggow: C_gnfl_g)usroagl\o/l?_ - 4 34Se82 (140 MeV/u) Light-pulse recorded
-) 4 sectors (50 mm wide) s arrange in 4 arrays (two per coordinate) Impinging charged particle by the PMTs
-) Effective volume width = 200 mm; total detector width (along the beam) = 300 mm A

-) 5 inner /reflector/electrodes foils (two at ground and two at +HV)
-) 120 PMTs mounted on vertical and horizontal supporting PCB hosting the voltage-divider circuit

Data output:

-) Amplitude light signal = sum form all the PMT

-) ToF - average timing from PMTs of each sectors
-) Localization = light distribution center of the gravity GEANT4 Simulation
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Mechanical Design and Fabrication

Kevlar-reinforced Dyneema
pressure window

-) Thickness < 20 mg/cm?

-) Rate for 1.3 atm AP

Voltage-divider PCB

Stainless steel

detector vessel
Support (Al) for the

Electrode foils
PCB frame :
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reflective electrode foils
and optical readout

Stainless steel lid with all
electrical feedthroughs

» Gas Handling System
* Fill/evacuate ELOSS vessel

» Operate in sealed mode with a pressure range 400-800
Torr

= Gas Purification System

* GHS flows pure Xe through GPS continuously (reduce
impurities->high scintillation yield)

= Cryogenic Gas
Recovery
System

* Recovers ~99%
of Xe gas

LN, Dewar
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Optical Readout and interfaces

——pMT> o
Decoupling Filter
S800 Focal-Plane Box Signal pick-up circuit with optimal
Vacuum R1 R3 ca ] AC coupling
ELOSS S - L
Gaseous Xe = = = é":
PMT ) 10n 10n 10n 1
o g
support [ ]
Decoup|er LOW'paSS f||ter
circuit needed Cut noise induced by the HV = 120 Hamamatsu R8520-406 PMTSs
PMT for each PMT power supply . .
 Positively biased anode around +800 V
» Reflective electrode foils

|
HV power suppl . )
> A . Stimulated electroluminescence

I ISEG

» 2nd and 4% foil >4 kV

H ] v

| Model EHS 305

DAQ
Mesytec
MDPP32-QDC Modules

Facility for Rare Isotope Beams

640 South Shaw Lane « East Lansing, Ml 48824, USA
frib.msu.edu

FRIB

U.S. Department of Energy Office of Science | Michigan State University

» 18, 31 and 5" are grounded through pre-
amplifier

= External Decoupler Circuit
» Reduces # of cables/feedthroughs in
focal plane box (PandaX)

X. Chao et al., Scien. China Phys., Mech. & Astron. 57, 1476 (2014).
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Energy-loss reconstruction

Sector 3

34Se82 (140 MeV/u)

—

g E Beam Particle

(Photon Collection eff|C|ency - Photon detection efﬂmency pt

120 S mmmmmmne e —m—m———— The photon collection efficiency (g,,)

depends on the solid angles seen by the

Z AE(Z) * Yy, * &x, y, Q) * PDE; * Gain; x e = mel(x y) &C Z W5 individual PMTs and changes across the
im1 I | | \ ELOSS effective area

=>» need correction by mapping £(X,y)

Light collected by each PMT PMT Gain (Vpyr)
(# of photons)

PMT Anode sensitivity > (, = PDE; * Gain;
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Photon collection efficiency and PMTs calibration

Simulate beam impinging on the full area = I Distribution of detected photons with

PMT Total # of detected photons as a function of X,Y I beam distributed along a narrow strip
on the dispersive beam coordinate

g Number of Photons ! .
£ 1.50E+05 | 16x10
9 1.40E+05 .
- - |2 ]
5 1.27E+05 g g ¥
S . 1 2
o 1.13E+05 - o
. . 118 L_) ) 1 00E+05 | B 1.2x10°
Monte Carlc_) simulation of 8Sn @ 8 o oo : PP : . ®
100 MeV/u in 600 Torr ELOSS with % I
uniform PMT sensitivity > Horizontal Coordinate (mm) ' LOXIO8
e . . . X-coordinate (mm)
Hamamatsu R8520 Anode sensitivity variations I
Correction procedure: 800001 . !
" Goal Ep Diff in the PMT : 0
. © Irrerence in e S . .
- Calculate a correction factor based on S anode sensitivity by ! Light resolution
position of impinging particle Z 50000 factor 10! | 30| o =1.2%
v . .
c = )
= Procedure: g 4000 . E,
 Calibrate PMTs to uniform sensitivity 2 | 3
(T g :
Preserve time response 20000 R-Square(COD) | %0727 - 10
- Scan ELOSS effective area with beam to ooy - |
measure energy loss by x-y particle position 100 200 300 400 500 600 700 800 I e iaagd  1aao Tonof
Hamamatsu Sensitivity (LA/Im) # of Photons
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PMT anode sensitivity calibration

A dedicated system (to be used with all the PMT) for measuring light emitted by a LED under fixed and know
conditions (same voltage-divider, same Voltage bias, same LED, same electronics, etc.)

Voltage-divider base

After calibration (Vpyr = 800V =*10%)

S
& 8 8 8

]
<

Anode Sensitivity

4
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PMT

Supporting base

Mesytec MDPP-32
QDC and Timing

Supporting base

Sensivities after gain matching by hardware
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Varying the potential of a center-stage dynode
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Correction for the variation of €. across the effective area

Mapping of the photon collection efficiency extracted from an uniform irradiation of the entire area

1 =
)] a o
o O O O

-100

Vertical Coordinate (mm)

FRIB

Calculation of the correction factor:
Step 1: Normalize the 2D distribution ¢, of to the minimum value =» &;
Step 2: Fit the distribution & with a 9™ degree polynomial function in two variable (x,y)

E?EI(XIY) = Zi6,j:0 kxiy]- Xi YJ

Step 3: Calculate the correction factor C(x,y) as

-1
C(X: Y) = (é?:(X,Y) )_1= ( ?,j:O kXiy]' Xi YJ)

34582 (140 MeV/u)

-200 -100 0 100 200

Horizontal Coordinate (mm) L(Z) — M(X y Z) % C(X Y)

Corrected light value Measured scintillation light

To calculate C(x,y), the particle position still needs to be reconstructed!
=>» Neural network based data processing for localization
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Deep Neural Network for localization capability

L(Z) = My(xy,y1, Z) * Ci(Xpy1) + o + My(Xy, ¥4 Z) * Cu(X40y4)

Measured light distribution from

The PMT arrays in each ELOSS sector Deep Neural Network algorithm
I I pu - - Position of the impinging particle
ey *
1200 1200
DNN algorithm configuration 900 1 o 9001 ;‘g
« 30 inputs = PMTs signals (normalized to their sum) % o = 0.67 mm : ‘1 42 ¢ Y _
+ 8 hidden layers (64-128-64-32-16-8-4-2) 3 ~21k perceptrons 3 s : 25 e 3 o SR 0.65 mm
. . ! [ ¢ 4
2 outputs = (x,y) positions o . O [ O &
« perceptrons handled through a ReLU activation function. 300 - ’ " 300 1 g 8
o s ! %
06 on 0 wo;’
L e s e R R R T Y 03
Xsimu~ Xnn (MM) Ysimu = Yan (Mm)

Good position (~0.67 mm ¢) and tracking (12 mrad o) capability
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ELOSS Expected PID Performance

Raw data Corrected data
P MT " 2.0x10° : : 2.0x10° — .
c : 1 g 235, AB1,82,83
E1.5x1o5— E1.5x105— [ 2=34,A=81,82,83
o | o | s’ | v 7=34, A=82
uE 1.0x1054 S 1.0x10° | Z=30, A=72
Beam P | g | N* 2729, A=72
c 5.0x10%1 e ey E5.0x1o4— ; 5 N Z=28, A=72
= a7 = w7 = -] | :
p D oS e p B
Monte Carlo simulation 100 MeV/u in 600 00 300 200 100 0 100 200 300 00 300 200 100 O 100 200 300
Torr ELOSS with uniform PMT sensitivity Horizontal Coordinate (mm) Horizontal Coordinate (mm)
0.4
_ AZIZ ~0.01
Expected advantages compared to the conventional IC: > 03
_ : O 031 _
-) 3 times better resolving power C | z28.57 7
. _ () 2L e z=33
-) higher Z-resolution for heavy fragment (Z>50) S 02- T ¢ Z=34 7_135
_ O e 4 1
[ |: |¢ ' L]
-) Large dynamic range o fois B ;’? 1
-) Higher rate capability (up to a few hundred of kHz) L te i Q Pvo dhge it
. . . . oy s & e } & H M
-) Good time resolution (< 200 ps) — not possible with IC 00 i s s i 58 88 8
o 0 e o o k2] © k2] k2] O
-) Good localization capability (< 1 mm) — not possible with IC ,\94;5 %QJ;S? q@&b R

Number of Photons
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Summary

= Exciting New Science opportunities from World-Class Equipment with Radioactive Isotope Breams:
World-class equipment is needed to realize FRIB discovery potential and enable important new
measurements capability in all FRIB science areas

» The S800 Spectrograph focal-plane detector system needs improvements in resolution and counting rate
capability to take advantage of FRIB's heavier, and more intense, rare isotope beams

» The Energy Loss Optical Scintillation System (ELOSS) uses a high signal-to-noise optical readout to
Improve the energy resolution (1.2%—0.5%) and counting rate (5 kHz—50 kHz) of the AE detector

(lonization chamber)

» ELOSS Status: The detector and interfaces (e.g., GHS, DAQ and interface) have been fabricated and
are ready for test beam. The interface to the signal processing circuit needs to be improved in order to
optimize the SNR (increase PMT sensitivity). The test and development progress plan for commissioning
will continue in 2025.
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