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CLAS12 Forward Carriage
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FTOF System Overview

PARAMETER

DESIGN VALUE

Panel-1a:

1]
2

23 counters/sector

Angular Coverage

0: 5° > 35°, ¢: 50% at 5° - 85% at 35°

Counter Dimensions

L=323cm—>376.1cm,wxh=15cm x5 cm

Scintillator Material

BC-408

RS e T j’%
"'}‘ N
O/

PMTs

EMI 9954A, Philips XP2262

Design Resolution

90 ps = 160 ps

Panel-1b:

62 counters/sector

Angular Coverage

0: 5° > 35°, ¢: 50% at 5° > 85% at 35°

Counter Dimensions

10 m

L=17.3cm > 4079cm,wxh=6cmx6 cm

Scintillator Material

BC-404 (#1 > #31), BC-408 (#32 > #62)

PMTs

Hamamatsu R9779

Design Resolution

60 ps > 110 ps

Panel-2:

5 counters/sector

Angular Coverage

0: 35° > 450, ¢: 85% at 35° > 90% at 45°

Counter Dimensions

L=371.3cm 2> 426.2cm,wxh=22cmx5cm

Scintillator Material

BC-408

PMTs

EMI 4312KB, Philips XP 4312B

Design Resolution

140 ps > 165 ps




FTOF Design Time Resolution
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CLAS12 Charged Particle PID

Particle identification in CLAS12 is accomplished through the use of multiple subsystems

FTOF is one part of CLAS12 PID system

GeVic |1 |2 13 4 |5 |6 |7 /8|9 [10
TOF
/K | RICH
| | | { HTCC
TOF
n/p \ RICH
— HTCC
[ TOF |
K/p | RICH - LTCC
THTCC | |
eln EC/PCAL
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Bench Testing — Triplet Method

X —/ « Scintillator hit times:
N B _/ TZ | | 1
/ ttzi(t1+t2) tmzi(t3+t4) tbzi(t5+t6)
fs [ / reference counter | T4 (hit times relative to trigger)
/ * Define time residual: 1
ts [ botom /O o tr =t — = (t +tp)

/ ’

250

22500 =

« Compute variance:
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panel-1b
100 —————————————————————
f  Averaged over 6 counters of given length
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This is what is measured on the bench - what is

seen in the “real world"?

Intrinsic vs. effective time resolution

Avg. Resolution (ps)
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CLAS12 FTOF Performance
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CLAS12 FTOF Performance
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Timing Resolution

The counter timing resolution has been parameterized as:

4000

Number of Photoelectrons

. Daniel S. Carman —Jeffggon
o

03 + (05L1/2)’
N

L L
Npe = N]?eexp (2)\00 - 2)\)

oy = electronics contribution

o; = scintillator and PMT

o, = path length variation

L = scintillator length

QE - N, = number of primary p.e.
A = attenuation length

3500 F
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2500 F
2000 F
1500 f
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Counter Length (cm)
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200 300 400

Counter Length (cm)

Parameter
Go

G

Nominal Value
0.040 ns

2.1ns

2.0 ns/m

918

0.358 L + 81.725 cm

* Backgrounds

But this is still not the whole story
when it comes to effective timing

1 resolution:
« Material effects

 Calibration reliance on other
detectors (e.g. track reconstruction)
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.{Tgffezon Lab

omas Jefferson National Accelerator Facility

TECHNICAL SPECIFICATION NO: B00000-01-13-5002

Scintillator Material for the
Hall B CLAS12 Forward Time-of-Flight System
Version 10, Jamuary 6, 2011

-
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Scintillator Specifications

O 00 N OO0 O A W N =

Category
Base Material

Appearance

Surface Preparation
Length Tolerance
Straightness Tolerance
Rise Time

Decay Time

Max Signal Pulse Width

Max Emission Wavelength

Bulk Attenuation Length

Technical Attenuation Length

Specification

Polyvinyltoluene, r = 1.023 gm/cm3, n=1.58
No visual inclusions or air bubbles
Faces glass cast or diamond-tool milled
+1 mm

0.5 mm

<0.7 ns (FRT),< 0.9 ns (LAL)

<1.8 ns (FRT), < 2.1 ns (LAL)

~ 2.2 ns (FRT), ~ 2.5 ns (LAL)

408 nm (FRT), 425 nm (LAL)

>160 cm (FRT), > 380 cm (LAL)

> 140 cm (FRT), > 280 cm (LAL)

Saint-Gobain Crystals: BC-404, BC-408




PMT/Voltage Divider Specifications

.!ﬁffe?soer Lab

omas Jefferson National Accelerator Facility

TECHNICAL SPECIFICATION NO: B00000-01-13-S001
Photomultiplier Tube/Voltage Divider Assemblies

for the
Hall B CLAS12 Forward Time-of-Flight System

=i
———|Rri—)
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[ S S S T O TG S N
A w NNV -, O

Category

Spectral Response
PMT Window
Photocathode

Dynode
Minimum/Average Gain
Anode Dark Current
Anode Pulse Rise Time
Electron Transit Time
Transit Time Spread
Pulse Linearity
Cathode/Anode Sensitivity
B-Shield
Anode+Dynode Cables
HV Cable

Specification

300 - 600 nm

Planar, borosilicate glass

Bi-alkali

Linear-focused

5e5/1e6 at 85% of max HV

<b0 nA

<2ns

<20 ns

< 250 ps

~50 mA up to 1 MHz

~100 pA/Ilm / ~100 A/Im

0.2 mm p-metal

RG-174, 25 cm long, BNC connectors
HV rated, 25 cm long, SHV connectors

Hamamatsu - R9779 2-in diameter, 8-stage, head-on type




Readout Electronics

hits « Discriminator/Scaler:
from FTOF PMTs Level-1 :
| Trigger « JLab DSC - 16 channel VME, leading-edge type
Vv
VME * Pipeline TDCs:

with build—in
scalers

« CAEN V1290 - 32 channel VME, 25 ps LSB
« CAEN V1190 - 128 channel VME, 110 ps LSB

* Flash ADCs:

« JLab 250 - 16 channel

VME, 12 bit, 250 MHz PMT goes to disc/TDC

PMT dynode goes to FADC

Anode is 3x bigger than dynode signal
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TDC Calibration

Differential Non-linearity

| V1290N, Uniform ] DNL | V1290N, Bin Width Distribution ]
€ F Entries 2.981017e+07 €80 = Bin Width Distribution
=F po 3631+ 0.7 SaE Entries 6901
- Mean 3634
4000 [— 60 — RMS 114.2
o Constant 56.57 + 0.89
2000 |— = : | Mean 3635+ 1.2
a0 Sigma 92.01+ 0.91
2000 — 30 E—
20 ! 1
1000 f— o
;
o sty — - ————— b —— T — 035563000 3500 2000 4500 5000 5500
TDC Value Bin Width (TDC Value Count)

Integral Non-linearity

crate 6, slot 13, chan 4 crate 6, slot 3, chan 0

‘ ]

Compensation is channel-dependent!

!
il
[
[
[
2 .ﬂ

INL

()

| | |
~ [} o S

T T S IS ST R EN SO SR |

L AR T T N SR SRS S
0 200 400 600 800 1000 0 200 400
BIN

AR T SR A SR
600 800 1000

BIN

CAEN TDC characterization studies:
« Differential non-linearity (< 3 LSB)
* Integral non-linearity (< 2.5 LSB)

- Channel-by-channel compensation tables
stored in SRAM memory

- Boards run on external 41.666 MHz clock
rather than internal 40 MHz clock

« TDC conversation factor
- 23.45 ps/ch

Vertex time vs. TDC

23.5 ps/ch

24.0 ps/ch

-1.5F

(ns)

AT

1.5

%9500

. . . 0 i . . . o
25000 25500 26000 26500 %3500 25000 25500 26000 26500
TDCL TDCL
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ADC Calibration

JLab FADC characterization studies:
« Differential non-linearity (0.8 LSB)
* Integral non-linearity (0.5 LSB)

* Clock jitter 350 fs
« SNR 56.8 dB @ 100 MHz input

T D 209
Entries 21700
2000 (— Mean 48.27
| RMS 23.24
1500 —
1000 ——
PED SIG
0= L R
h T ]
L1 ‘ L]
0
0 50 100
fADC Channel

* PMT gain depends exponentially on
the applied voltage. For two settings

G _ (V)" AG
GQ_ V2 7 Gl_ Vl

VT - (ADC shift)
(ADC mean) <a)

AVE g =

* Adjust PMT HV settings to put (ADC)
for min-i particles in desired channel

x3

sk ADC log ratio

Use log ratio plots
to check L/R gain
balancing

PRI BT ST, SO NSRS S T ST SR

%0 -2.0 -1.0 0.0 1.0 2.0
In(ADC R/ ADC L)

3.0

geometric mean

Gain Factor o

1000 2000 3000 4000 5000
ADC geometric mean

10 20 30 40 50 60
Counter Number
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Scintillator Preparations

1 layer 0.3 mil aluminized polyester

\ — 3 layers 1.5 mil Tedlar

BC-40X Scintillator

backing structures

=
)

Wrapping in progress @ USC
st.st. skins + foam core
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Magnetic Shielding

TOSCA calculations show field at PMT location < 30 G (mostly axial)

No Magnetic Field

10 6 Axial Field

CAMAC ADC h1

Entries 30001
406.3
180.1

Mean
RMS

80

70

60

50

40

30

20

10

EE AN R RN N WAL R

(Y [ S (S |G [ S S S Iy | 1. YL
200 400 600 800 1000

o

> 25 Gauss

Axial Field Shielding in tube Steel frame and
is enough possible active
shielding
Transverse Shielding in tube Shielding in tube Additional
Field is enough is enough shielding
required

Tests with nominal PMTs 0.2 mm p-metal

CAMAC ADC

10 G Transverse Field

h1

70

60

50

40

30

20
10

RN LN LY LR LN LN LR

Lol

=

|
W‘
PR [N WS T INPUSTR | (PUNPRR ] \ |
200 400 60i 800 1000

20 G Axial Field

CAMAC ADC

Entries 30001

Mean
RMS

384.2
164.8

h1

30001

Entries

L L O L L LR I B

Mean
RMS

2671
96.94

°O

T
800

e |
1000

CAMAC ADC h1

Entries 30001

%0 RMS

4104
182.5

80
70

60

Illl‘]llll]llll]l”lll

50
40

<, I R | T ) I
0 200 400

20 G Transverse Field

TR R e W)
600 800

Ur ¥y
1000

CAMAC ADC h1

Entries 30001
F Mean 337.7
100/— LRMS 1393 |
80—
60
40
20
ol e p ik i o 1]
0 200 400 600 800 1000

2 mm p-metal

EXPLODED VIEW
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Signal Cables

RG-58 RG6-9913 RG6-8 RG-214 RG-174

Cable Length (ft) 200 2515 202.2 95.3 128.2

Rise Times 30/70 5.67 1.78 2.69 1.36 4.3 .

(ns) 10/90 2204 1055 1269 701  18.03 EIOTE ﬁgﬁi/ee rcuansl ec?ruldebcehnoeiigrsf;om
Amplitude (V) 132 | 14 |1432 | 1464 | to72 o6 0013 YP &9
Resolution (ps) 36.13 19.64 19.9 18.36 59.4

Charge (pC) 1078 1110 1123 1139 952

Cable RG-58 Cable RG-58 Cable RG-174
frame-mounted patch cable electronics
PM:nicl;IeC M BNCF €«<——> BNCM BNCF<———> BNCF BNCM<—> Lemo M
bulkhead type bulkhead type

FTOF signal cables

Cable RG-58 Cable RG-58 Cable RG-174 52 - 64 ft
frame-mounted patch cable electronics
Pngni'jg M | BNCF<—> BNCM | BNCF <—> BNCM BNC M <—> Lemo M

bulkhead type

BNC F BNC F
bulkhead type
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Time Walk Corrections

20

Time-walk effects are inherent in the
use of leading-edge discriminators

—_
w
LI L

s
<
|
@ |
_I_
S
@
¥
=
B
>
S
_l_
I
~—
>
ey

o
W

—_
T T T TT[TTT TTT T LT T T T [TT

Time —sn

delta T (ns)
o
o

Threshold — — — .
-0.5
| 10°
| e T R |
| C
| C
1.5
| :
Output A ILJ; '2'00 " 20 Izs I 30 I 35I 40 45 50
l 2.0
Output B L
| U| Walk s )
ta tp 1.0
Ortec- Fast-Timing Discriminator Introduction b
Also account for 2nd-order correction
for hit-position-dependence of TW
o o . :_ tTW2 — a . _|_ /8 . 2
functional - distance from PMT location (] ()

hit position (cm)
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Time Walk Corrections

) 130 p———/—p—r—r—rr—r-r—r—r—rrr—rrrrr—rrrrr—rrrrrrrryrrrr|rrrr|rr
700 L
| I B | | | | [ i i
Source: 2%Na, with equivalent electron energy = 340 keV. I [ | 1
DETECTOR 1: 1 |
RCA-8575 [ : ! ]
3.8-cm-diam X 1.3 cm Naton-136 | I 1 1 ]
600 }— 1900V “a L ! ! ]
- - I I -
3 DETECTOR 2: \9;‘ 110 [ i i )
4 RCA-8575 () [ : :
é 2.5-cm-diam X 2.5-cm Naton-136 5 i : :
1800 V . [
z S 100 | ! : - -
w = B 1 I : E
~— —_— - .
g 500— (a) LEADING EDGE @) . i ! -
£ \ A ; ! wE 5 | = -
= H -
2 X Y II! 2 L - o |
E )] : | x| = L !
> 80 F I i I = g
400 |— (b) CFD < [ ! | ]
x
£ 2
- | |
- I I
300 I I I I l I ' 60 -....I...:.l....l....l....}l....l...l P PP TP
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Fractional Triggering Level, f 5 10 15 20 25 30 35 40 45
Fig. 2. A Comparison of Leading-Edge Timing with Constant-Fraction
Timing for a Narrow Pulse-Height Range. The source was #?Na, with Counter Number

the selected equivalent electron energy in the scintillator = 340 keV.
The time resolution (FWHM) is At.

However, in reality, the LED vs. CFD comparison depends
on the dynamic range of the pulses and their pulse shape
L “the timing resolution from a CFD - in some cases timing with LED (with corrections) can

is better than from a LED" give better results!
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Calibration Software

Calibration Sequence Calibration Suite

FTOF Calibration
- x3 S1HV1a-1 x3 S1HV1a-1
Hit Map r - - - - - - r - - - - -
7E {12 J
sF 1 10F 1
sE 1k
1 2 3 4 5 g °F |
4= b F
E 6 T
3 1 F
E 4 T
2 1 F
N 1 2F ]
Data in —» —_— —_— —_— e E E
= Lo v b v v b v by oy T0T t o_lllllllllllllllllAlAllllIlll
0 500 1000 1500 2000 2500 3000 3500 4000 -6 -4 -2 0 2 4 6
ADC geometric mean In(ADCR/ADC L)
/calibration/ftof/gain_balance /calibration/ftof/attenuation /calibration/ftof/tdc_conv /calibration/ftof/timing_offset/left_right 4
sector layer component mipa_left mipa_right mipa_left_err mipa_right_err logratio logratio_err
1 1 1 716177 716177 [ 0.578 0.322 0.001
1 1 2 800.282 800.282 0.686 0.686 0.032 0.001
1 1 3 670.074 670.074 0.573 0.573 0.131 0.001
< 1 1 4 787189  [787.189  [WZH 0.745 0.173 0.001
ccdB parms | €— <+ <+ 1 1 5 838.649 838.649 0.886 0.886 0.033 0.001
1 1 6 1117 1117 -0.189 0.001
1 1 7 696.515 696.515 0.786 0.786 -0.066 0.001
1 1 8 1.008 1.008 0.021 0.001
1 1 9 743152 743152 [ 0.921 0.068 0.001
9 8 7 6 il 1 10 696.662 696.662 0.816 0.816 0.040 0.002
1 1 11 776446 776446 [T 0.963 -0.279 0.002
1 1 12 762541 762541 [XEil 0.941 0.009 0.002
i3 1 13 652.839 652.839 0.785 0.785 0.175 0.002
1 1 14 1.007 1.007 -0.013 0.002
1 1 15 698.847 698.847 1.001 1.001 -0.049 0.002
1 1 16 546.266 546.266 0.731 0.731 -0.212 0.002
1 1 17 679.673 679.673 1.014 1.014 -0.010 0.002
1 1 18 696.491 696.491 1.028 1.028 -0.017 0.002
N N 1 1 19 1.234 1.234 0.010 0.003
ava-based suite writes ou ; 1 zo
1 1 21 1306 1.306 0.029 0.002
1 1 22 1.486 1.486 -0.215 0.003
1 1 23 618.986 618.986 1.256 1.256 0.015 0.003
CO ns an S O u p oa o CC 1 2 1 1328.526 1328.526 4.609 4.609 -0.063 0.000
1 2 2 1269.348 1269.348 2.066 2.066 -0.031 0.001
1 2 3 1287852 [1287.852 A3 2.308 0.014 0.001
background FTOF 1A FTOF 1B FTOF 2 1 2 4 1264.599 1264.599 1.658 1.658 -0.005 0.001
Adjust Fit/Override Adjust HV Write Cshow .|
‘ AN < > I | [> Events 6028596 Time 4844.87 sec : Reading 77231.27 evt/sec. Processing 1264.70 evt/sec E Et H3 H4 Reset

https://www.jlab.org/Hall-B/ftof/notes/ftof _calib.pdf
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Calibration Software
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Calibrated Energy and Time

Counter energy deposited

dFE
Measured o (%)MIP 1 dr.Rr
erergy @ Pm1  FLr = ADCLR | — RA ] o ( A\ Eaep =/ Br - Eg

CrLr
Corrected PMT time tr, R = (CONV TDCYy, R) %a]ék + T + CRF + Cpgp

_ 1 -
Counter hit time  {j,;; = — (tL + tR) Particle time-of-flight tToF = thit — tsT

< vertex time >

Effective counter time resolution P
tres = mod i — —= trr + “vert Tpr
width of vertex time distribution res u Bc R 56 R

I Daniel S. Carman I Jeff:;?son Lab s SB8S Collaboration Meeting - Sep. 12 - 14, 2024 m—"— Page 22 N
o




Concluding Remarks

« The Forward Time-of-Flight (FTOF) system is the main system for charged particle identification in
the CLAS12 Forward Detector https://www.jlab.org/Hall-B/ftof/index.html

« The FTOF panel-1b counter arrays were constructed as part of the JLab 12-GeV Upgrade project
and have provided world-record timing resolutions for scintillation detectors of these lengths

* I have not covered all features/considerations - see technical papers for more details

Nuclear Int. and Methods n Physics Research, A 960 (2020) 163629 Nucese Inst. and Methods i Physis Research, A 960 (2020) 163626 Noctea Instrumentsand Methods in Physics Research A 664 (2012) 11-21

‘Contents lss available at ScenceDirect
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1. Introduction

‘The time-of-flight system for the new CLAS12 spectrometer
system [1] at Jefferson Laboratory will have a new barrel scintil-
lation detector for triggering and time-of-flight measurements in
the central region—the Central Time-of-Flight (CTOF) detector.

deviations,! respectively. Achieving the design timing resolution
is critical to obtain the level of particle identification required for
the physics progr

‘Conventional linear-focused R2083 PMTs or metal-channel
multi-anode H8500 PMTs, both from Hamamatsu Corporation,
may be considered for the CTOF readout due to their excellent
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each end with a long focusing light guide and
photomultipier tube (PMT), is shown in Fig. 1a. The scintllator
counters are 66-cm long and have a trapezoidal cross-section of
roughly 335 x 315 cm’ that forms a hermetic barrel with an
ioner aius of 2 cm (i, 1) Thebarlwil e placedinside
superconducting 5-T solenoid magnet bet er Silicon
e, Tkt and e i ot hereno. Covmer
(HTCC). The downstream light guides are bent in order to bring
ligh o the PMTs located between the solenoid and the HTCC.
function of the CTOF detector is to separate pions,
d protons in the angular range from 35° to 135° via the
time-of-fight (TOF) technique. Our primary goal is to achieve a
timing resolution, oror, of ~50-60ps, which will allow for
separation of pions from kaons up to 0.64 GeV and pions from
protons up to 125GeV. at the level of 4 and 33 standard
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very long, straight or bent light guides are used to deliver the
scintillation light o an area outside of the solenoid, where the
associated high gradient fields are < 1 kG. Thus, our second goal
s to design a magnetic shield that can preserve the timing

wansverse diecion

FTOF CTOF
D.S. Carman et al., NIM A 960, 163629 (2020)

1 kG shields
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I Daniel S. Carman I JefQon Lab s SB8S Collaboration Meeting - Sep. 12 - 14, 2024 m—"——— Page 23 N
o






CLAS12 Spectrometer Model
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FTOF System Overview
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FTOF Mass Resolution

CLASI12 charged hadron identification below 5 GeV in the forward direction relies on the FTOF system

LASSUMPTIONS AHEAD |

« Nominal (average) timing resolution is 80 ps
* Path length uncertainty of 5 mm from target to FTOF hit is 5 mm
« DC track momentum uncertainty is 1%

() = () () + (%)

7
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S S0 f s
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Magnetic Shielding

TOSCA calculations show field at PMT location < 30 G (mostly axial)

10 G Axial Field
Imm Mu-cylinder Imm Mu-cylinder with cap

. M [ e 3D Corn e
v oo anew 0
. v 3nees  fiomn e "

f SRR TR (T sl @

Signal restoration
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FTOF Rate Studies
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Optimizing FTOF Time Resolution

Combine the measured times from the FTOF

panel-1a and panel-1b to optimize the resolution
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CLAS12 FTOF Performance
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FTOF Panel-1b Assembly Area at USC
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FTOF Panel-1b Assembly Area at JLab
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