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Introduction

« Goal: Incorporate an array of the novel position-sensitive virtual Frisch-grid
CdZnTe detectors into the existing FLIR instrument (R200)

« Motivation: need for better gamma-ray detectors with enhance spectral
resolution, efficiency and functionalities

 FLIR offers today three handheld instruments (all used by IAEA inspectors)

: ldentiFINDER R300 ldentiFINDER R200
ldentiFINDER R400 :
(formerly nanoRAIDER) (recently introduced )

We propose to
upgrade this device
because has the
most recent DAQ
and signal
processing platform

Nal(TI) scintillator Hemispherical CZT Csl scintillator

These devices are compact, rugged, very reliable, have great functionality
and convenient user interface but have limited spectral resolution
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Goal - Integrate VFG detectors into FLIR R200

¢ | VFG Detectors

nnnnnnn

ASIC board
VGA1 ASIC

FLIR R200
Adaptor Board ASIC board plugged
into Adaptor Board KHE.
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Current status

* New adaptor board -- Complete

* We worked with FLIR closely on this project to make sure that
the adaptor board will fit into R200 device -- Complete

* FLIR is to modify their acquisition board of R200 to the new
VFG-based devices — Work in progress (FLIR is waiting for
CRADA)

* Abridge board for testing the adaptor board with BNL's
acquisition system -- Complete

* The bridge board was used to test the adaptor and verify that
it works as designed — Complete

* CRADA has been approved! (INCRADADbIle news)

* Preparation for testing the current prototype at SRNL (and
eventually the first FLIR prototype) — In progress

Bridge board

e Two new tasks:

* Develop an algorithm for position reconstruction -- Complete
* Test a linear (1x6) array of VFG detectors -- Complete
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Examples of commonly used CZT detectors today

 Today, CZT detectors is a proven technology: high-efficiency, excellent energy and
position resolutions, operate at ambient temperature

» They are particularly beneficial in compact handheld instruments for field applications

 However, crystal defects, which are present even in the best quality CZT crystals,
affect production yield and increase cost of CZT detectors

Examples of large-volume CZT detectors available today

Hemispherical CPG
15x15x10 mm3 20x20x15 mm?3

8-

3D pixelated detectors
20x20x15 mm3 1.7-mm pixels

eV Products

7 H3D
» Typical energy resolution e Typical resolution 1-2%
Is 2-3% at 662 keV » Best resolution: 0.5% at 662 keV using
» Drift-time correction carefully selected CZT crystals

Detectors rely on the highest quality CZT crystals to achieve their best
performances - Such crystals have low production yields and are very expensive!
Maximum thickness is limited by 15 mm!
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Arrays of virtual Frisch-grid (drift) detectors

= To overcome the high cost and low availability of big CZT crystals E)éazﬁpg‘::f
we propose arrays of small cross-section, up to 7x7 mm?, but long, ———

up to 5 cm, detectors

= Such crystals have much higher production-yield and lower; typically |
cut from the crystals rejected by other costumers

» The bars are configured as position-sensitive virtual Frisch-grid

detectors: _
" _ Can be used in
Position- We attgched 4 position-sensing pc_ads (non- large-area arrays or
- contacting electrodes) for measuring X-Y in small. 2x2. arra

sensitive : : . : , ) yS
virtual Frisch- coordinates of interaction points Cathode  that we proposed for
grid detector ~ The cathode signals are used to measure drift FLIR instruments

P times to evaluate Z coordinates, like in TPC ' A

Virtually grounded pads produce the Frisch-
grid effect (as if a real grid were placed inside

t-’_. the detector) Anode
-+

This design was originally proposed for noble gas detectors by V. Chernaytin et al.
First applied to CZT detectors by G. Montemont (LETI) and D. McGregor (Kansas State
University)
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Virtual Frisch-grid effect produced by grounded pads

Pulse-height spectra measured with shielded and unshielded detectors

_ 5x5x10 mm? detector
Unshielded

detector

[ +r+|rrrrrr~rrprr~rprrr & 1T [ 1t T | T1

Jsoo Blue — unshielded (planar detector) ]
a " Red - shielded :
| 2000 :_ _:

1500 | ‘ a

- <1.5% | -
1000 [ FWHM ]
500 — | pulser =

b | | ]
B PR, » | |

ol v
0 400

Detector with
shielding pads

Counts per channel

800 1200 1600 2000

Channels
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X-Y spatial resolution of position-sensitive virtual
Frisch-grid detectors

6x6x15 mm? virtual
Frisch-grid detector
detector irradiated with
a 241Am source

e High-resolution position sensing is the most
Important feature of our detectors

« It allows us to correct the detector response non-

Image of a 1-mm : i
J uniformities caused by crystal defects

Tungsten slit
collimator placed

« Benefits of this approach:
above the cathode

- Employ unselected low-cost CZT crystals
6X6 Mm? area and, at the same time, achieve a high
T energy resolution
- Use longer crystals (higher detection
efficiency)

- Operate detectors at lower biases

Brookhaven Science Associates NATIONAL LABORATORY
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Position-sensitive virtual Frisch-grid detectors
(CZT drift detectors)

» Because defects locations are fixed, the response non-uniformity is

3D position- caused by random distributions of interaction points = Such
Zen_smve variations can be corrected if the locations of interaction points are
evice

known with sufficient accuracy

» Position information allows us to virtually segment a detector into
small voxels and equalize responses from each voxel

t!'_’ « A 3D correction matrix (lookup table) is generated during calibration
<

Responses from o
individual voxels After equalizing responses

Raw spectrum e vy from individual voxels
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In practice, we need to generate a 3D response matrix
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How we fabricate detectors and arrays

For insulation and mechanical protection
of CZT crystals, we use the ultra-thin polyester
shrink tube (Advanced Polymer, Inc.)

This material has very high dielectric strength
and resistivity

Dielectric strength: > 4,000 V/mil
Volume Resistivity: 1018 Ohm-cm,
Surface Resistivity: 1014 Ohm/square,
Dielectric Constant: 3.3

A crystal and two aluminum bars are inserted
inside the tube and put inside hot water (~80 C)
for 2-3 min. The remaining tube is cut and edges
are trimmed.

Encapsulated crystal inside
the shrink tube

Brookhaven Science Associates
U.S. Department of Energy

v
RJ

Aluminum Preformed CZT
mandrel shrink tube crystal

T

Cut tube here
with a razor

o= o

Pull aluminum
mandrels

l Apply heat (75-80 C)
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Experimental setup for testing virtual Frisch-grid detectors

Example of a 40-mm
thick detector
..

ASIC board "'h;i
0 [E UL O R

Detector Test box

board

i h

: -k -, &
L E 3
17,

Currently, we employ the existing ASIC and DAQ
developed for the conventional CZT arrays which
has many limitations in the case of position-
sensitive detectors

Its architecture is identical to the H3D ASIC
developed by the BNL'’s Instrumentation Division in
collaboration with the University of Michigan

For the position-sensitive detector arrays we are currently developing the
new ASIC which will be available next year

Brookhaven Science Associates NATIONAL LABORATORY
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Typical charge signals (after preamps) generated on the
cathode, anode, and sensing pads

78 .
S 56 :
E Drift
Anode and 2 : .
) 2% fime  +— Pad signals
cathode signals g /
875 1625 2000
ime (bins)
78 . T . 78 T T
56| ] i ] se), M
S s N s /
E E E
o34} 1 42t =7 Als
£ 12l J\ £ 20l J 1 j=12} /\
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500 875 1250 1625 2000 500 875 1250 1625 000 500 875 1250 1625 2000
C thOde Time (bins) Time (bins) / '_I'ime (bins) ) )
a 78 . . . After unipolar shaping the pad signals
i / have positive and negative
< components
E
Pad g The negative amplitude is independent
<« g from the interaction depth.
< 12+
Anode . Pad signals can substitute for the
Brookhaven Scien 500 875 1250 1625 2000
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Testing a 4x4 array prototype (NA22 project)

Detectors housing

Test box

Pad connections in
a 4x4 module

— 1 — 1
I: | | | I ] Incident
— - - . photon
I I I I ;’.
| W I .
o g Ambiguity
|: | | | I j\ problem in the
a o o case of
. I . ] multiple
16 anodes intferaction
4 cathodes points
32 sensing pads BROOKHERVEN
Brookrorerroorerrec mosooranco NATIONAL LABORATORY
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Best results from 20, 30, 40,and 50 mm thick detectors

Raw spectra 3D correction = FWHM maps -

Selected areas
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We can correct full spectra (not a single gamma-line)

7X7x20 mm3 Redlen crystal
Cathode bias 3000 V
Improvement of spectral

response after 3D
corrections

Temperature: 17 C
The energy resolution is

limited by the electronic
noise

Brookhaven Science Associates
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Broad energy range

Increased efficiency allows detection of energetic gamma rays

56 ' ' ' 6.4 2200
137¢s ‘ ‘ 13382
4.2 1 48+¢ 1650
S S
£28 0.73% | - g£32f 1.24% | 3 1100
3 FWHM 3 | \J FWHM ©
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1.4 M 1 16F ULJ 550
O 1 1 JJ O 1 w 0 1 1 1
0 375 750 1125 1500 0 250 500 1125 1000 500 625 750 875 1000
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04 e e —
60 105 56C0
Co 6.6 232, 1
1.8 .
)
% 2 o 104)
: 0.69% | J = 4.4 1 =
€012 —_— " S
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o c o
O 3 <]
06 1 ©22 1 10
0 " X p J (0]’ " 102 L L L
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Pu-239

6x6x20 mm?3 position sensitive detector

Before After
2200 1 2200 . - . .
16350} “ 1650} -
&2 %) l]
g 1100} € 1100 ]
O o
550 . 550 ]
D i 1 " 1 " 1 g 0 . 1 . 1 . 1 m
500 625 750 875 1000 500 625 750 875 1000

Channels Channels
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We can make thicker detectors biased at lower voltages

Dependence of energy resolution
vs. applied bias measured for
a 20-mm-thick detector

S L A A B

After drift time
correction

After 3D
correction

FWHM at 662 keV (%)
N

0 1000 2000 3000 _ 4000
Applied cathode bias (V)

Can operated at reduced bias but the electric field
must be above a certain limit (~1000 V/cm ) to attain
<1% resolution (~2500 V/cm in pixel detectors)
BROOKHFAVEN
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Temperature dependence of energy resolution

20-mm long detector
Bias 3000 V

2.0

- -
o (93

FWHM at 662 keV (%)
o
o

Noise-subtracted

Brookhaven Science Associates
U.S. Department of Energy

6 12 18 24 30 36 42 48

Temperature (OC)

Correction matrixes were
evaluated at each
temperature

Energy resolution is
primarily limited by the
electronic noise (leakage
current)
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Position sensing

Schematic of a position-
sensitive VFG detector

If assume a linear AZ

approximation for X =

the response

function we get A2
Y — Y

the well known >

the center of

gravity method

We use linear approximation for
signal corrections

Brookhaven Science Associates
U.S. Department of Energy

Reverse response
functions give two
independent estimates .
for X and two

estimates for Y

How to evaluate the
weighs?

Here is the standard
approach based on
statistical errors

...but systematic
errors in the
response function
could be more
important - this
needs a better
understanding

Response function
A; =R(x,y)

X1 =R (An Ay, A7)

X, =L—-R (AL A, 4)

XAW+XoW5

X =
Wi+W,

—1\ 2
2 OR 2
Ox2 = 9 Az oy
X
BROOKHFVEN
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Evaluating the response functions, R, and inverse
response functions, R

= Response functions can be directly
measured, e.g., using a pulsed laser

= Alternatively, they can be evaluated
using iterative fitting process of the
experimental data obtained with

uncollimated 13’Cs source

= As a starting point we use
approximation (first order)

a linear

Response function is a dependence of the pad
signal versus position of the electron cloud

Evaluated response functions
(second order approximation)

Example of
reverse
response
function

Brookhaven Science Associates
U.S. Department of Energy

Pad signal z*mplitude
m——mmfmpomes

N Linear

Pad position

approximation

Distanfe/ from the opposi\txpad

Data points and a
fitting curve for a

Response function
near the edges

selected narrow region
around a center line
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XY distributions of interaction events measured for a

6x6x20 mm?3 detectors using 2-, 3-, and 4- pads readout

Using linear
approximation
for response
functions

9 distributions
correspond to
different

combinations
of pad signals

Using the
second-order

approximation

for response
functions

U.S. Department of Energy

Amplitude (channels)
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5 0000000000 o00000000od
28 256 384 512 640
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1 198}
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0.0

L L L
0 160 320 480 640
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AY response distripution (6oZ-Kev pnhotopeak position)
measured for a 6x6x20 mm?3 detector using 2-, 3-, and 4-

320 gm—
256
192
128

64

o 64 128 192 256 320 0 64 128 192 256 320
X X

320 g

256

Prismatic
defects

Linear
approximation

. | -
0 64 128 192 266 320 0 64 128 192 258 320 0 64 128 182 256 320 0 B4 128 192 256 320
X X X X

28 192

8 192 P56 320
X

Using the second-order
approximation for
response functions
Absolute position
resolution is < 0.5 mm

e bt

128 192 256 320
X



2x2 array modules for the first prototype

Fabricated 2 modules consisting of 2x2
arrays of 20-mm thick detectors

*
*
*
*

2x2 module layout  .*;

— 1 o

*' +-.._*¢.
|

Ambiguity problem in
the case on multiple
interaction points

-— T events

4 anodes

1 common cathode

8 channels for 16 sensing pads
Total: 24 readout channels

As a temporary solution use the existing 36-channel ASIC
The new ASIC is been developed by BNL's Instrumentation

Brookhaven Science Associates BROOKHFVEN
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Cs-137 spectra measured with array #1
(6x6x20 mm?3 detectors)

Raw data After 3D correction
5155 1990 8.10° 5592
Detector: 1 Detector: 1 Detector: 2
3866 1492 H 6-10° 4194
‘§ 2 | b
o 2578 S 995§ 5 410° 0.7% S 279
~ S S |8
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1289 H 497 H 210° 1 1398
0 . . . 0 . . ‘ 0 ML 0 ‘ . .
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
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3732 2380 N 810° 8446
Detector: 3 Detector: 4 Detector: 3 Detector: 4
2799 1785 6-10° + 6334
wvi
£ @ 2 2
S 1866 | S 1190 5 410° + 0.75% S 4223 1.1%
(o] o o (o]
v v FWHM ~ FWHM
933 + 595 210° -Agﬁﬁ_J\\“—_———\&__qJJ 1 2111 +
0 \ . L 0 . L . 0 L . 0 . L
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
Channels Channels Channels Channels

Brookhaven S
U.S. Departmi

Combined spectrum after corrections

Counts

410" |

210° |

1.10* |

0.85% |
FWHM

1000 1500 2000
Channels

500

Energy resolution;
0.9% at 662 keV
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Cs-137 spectra measured with array #2
(7x7x20 mm?3 detectors)

3522 y E y 3096 y T T 3.10° : v y 1.110°
Detector: 1 Detector: 2 , Detector: 1 , Detector: 2
2642 1 1 2322 ¢ 1 810" I El. noise 0.5% 1 8210° I E| noise 0.5%
2 2
c 2 c 0
3 1761 H 1S 1548 3 510 f 0.7% | 1 55902t 0.8%
= B
N S v FWHM FWHM
881 H 774 107+ 4 27107 M—\_J 1
0 . . . 0 J . . 0 M L 0 . . L
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
Channels Channels Channels Channels
3066 u u u 3460 : : : 2:10° : : . 8861
Detector: 3 Detector: 4 , Detector: 3 Detector: 4
2300 2595 1 910° I E|. hoise 0.5% 1 6646 1| | noise 0.9%
ﬁ %] "ﬂ v
c - c =
3 1533 15 1730 3 010 ¢ 0.75% S 4430 1.2%
(V] o (v i o
V] FWHM ~
767 | 865 10? M 1 2215
0 : . : 0 ‘ . . 0 ‘ ‘ L 0 . .
0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
Channels Channels Channels Channels

Combined sbectrum after corrections

Combined spectrum after corrections

g 0s% | | Energy resolution:
N 0.8% at 662 keV

-10* M
0 L L

0 500 1000 1500 2000

Channels e -..IIHHﬂllEH
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Response maps (based on photopeak positions) evaluated
for the 4 7x7x20 mm?3 detectors before XY corrections

3522 T T T 3096
Detector: 1 Detector: 2
I 1 2322
£ 2
2 S 1548 {
v S
774 1
0 . . . 0 L . .
0 500 1000 1500 2000 0 500 1000 1500 2000
Channels Channels
3066 " T i 3460
Detector: 3 Detector: 4
2300 1 2595
§ 1533 E 1730
e S
767 [ 865
0 . . . 0 ‘ . ‘
0 500 1000 1500 2000 0 500 1000 1500 2000
Channels Channels
Prismatic dislocations are present in Redlen CZT crystals
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Using 2 and 3 pads (instead of 4) to solve ambiguity problem

9404 6763
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Testing a linear 6-detector array

Linear array of 6 six 5x7x25
mm? detectors

Source
from the
side
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Pulse-height spectra from 13’Cs (3500 V)
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Pulse-height spectra from 13’Cs (3500 V)
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Response maps evaluated for the detectors from the array
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Pulse-height spectra from 134Cs (2500 V)
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Pulse-height spectra from 133Ba (2500 V)
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Combined pulse-height spectra of 133Ba (2500 V)
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Advantages and drawbacks of the proposed detectors

« Advantages:

— Large thickness (high efficiency for high-energy
gamma rays

— Good energy and position resolutions

— Possibility of using standard-grade CZT material
(lower cost)

— Operate at lower HV bias

 Drawbacks:
— Higher leakage current (electronic noise)

— Potential polarization in the high gamma-flux conditions
(this needs to be tested during the test at SRNL)
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Conclusions and future plans

 We demonstrated 2x2 and 1x6 array prototypes of position-sensitive
virtual Frisch-grid detectors and readout electronics for a new
generation of handheld instruments for safeguard application

 We will perform a demonstration of a measurement of uranium
hexafluoride enrichment at SRNL using the lab prototype

 We work with FLIR to incorporate the arrays and new ASIC into the
FLIR instrument

 We will demonstrate the FLIR integrated prototype when available
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