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Essentials of digital neutron detectors

Robert Grzywacz
(University of Tennessee/ORNL)

 Neutron sources

e Neutron detectors

» Some digital techniques

 \What do we use tomorrow in the lab
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Z, nurnher of protons

M, numhber of neutrons

[

http.//www.nndc.bnl.gov/chart/

It is not easy to see a “free” neutron !
Always confined in a nucleus.
It decays with T, ~ 10.183 min because it is heavier than proton (E=mc®=782 keV).

Because q=0 it is very difficult to detect, it hardly interacts with matter.

R. Grzywacz TRIESTE-DSP Workshop 2013



Discovery of the alpha particle ,
from the radioactive decay. Discovery of the neutron
via bombarding beryllium

(Rutherford 1903) i , _
with alpha particles from polonium.
(Chadwick 1932) a+’Be—""C+n

Hahn and Strassman (1938)
use the neutrons to irradiate

uranium, barium is observed.
W xe»'""Cs > Ba» """ La>» ""Ce(stable)

1942 using chain reaction

R. Grzywacz TRIESTE-DSP Workshop 2013
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Table 11-1. Spontaneous fission neutron yields
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Passive Nondstructive Assay of Nuclear Materials

Editors : Doug Reilly, Norbert Ensslin and Hastings Smith
NuREG/cR-5550 LA-UR-90-732
http://www.lanl.
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bRef. 2. Values in parentheses are from Ref. 3 and have estimated accuracies of two orders of magnitude. Pu-240 fission rate is
taken from Refs. 4 and 5.

/hbase/nucene/fission.html



The #°Cf source

Table 11-7. Characteristics of 232Cf

Total half-life
Alpha half-life
Spontaneous fission half-life

Neutron vield
Gamma-ray yield
Alpha-particle yield

Average neutron energy
AVerage gamma-ray encrgy
Average alpha-particle energy

Neutron activity
Neutron dose rate
Gamma dose rate
Conversion

Decay heat

Avg. spontaneous fission neutron multiplicity
Avg. spontaneous fission gamma multiplicity

252Cf source has to be handled

with extreme care !

R. Grzywacz TRIESTE-DSP Workshop 2013
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Neutron energy spectrum
(Maxwellian distribution)
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10 after Capture

Atoms Required/Atom ®ICf Produced and Decay —
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*2Cf is a commonly used source of neutrons —
for industrial applications !
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a+ Be—="C+n
Table 11-5. Thick-target yields from (a,n) reactions (error bars estimated from

scatter between references) |
"~ NeutronYield  Neutron Yield
Element per 105 Alphas  per 10° Alphas
(Natural Isotopic of ' of Energy
wiﬁﬁl] 4.7 MeV ) 5.2_ MeV (av. Pu)

Av, Neutron

Energy (MeV)
for 5.2 MeV

References  Alphas (Ref. 29)

Li 0.16 £004 113 £ 025
Be 4 +4 65 5

B 124 +06 175 <+ 04
C 0051 £ 0002 0078 + 0.004
0 0.040 £ 0001 0059 * 0.002
F 31 %03 59 06
Na 05 +05 L1 £05
Mg 042 +003 089 = 0.02
Al 0.13 £ 001 041 = 001
Si 0028 + 0002 0076 + 0.003
a 001 £001 007 % 0.04
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32
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Neutron source can be made by mixing
source of alphas with target material.
AmBe, PuBe, AmLi ...

1 1 | I 1 1
¢ 2 4 © o 1 12 Fig. 11.4 Typical newtron spectrum af an
MEUTRON EMERGY (Mav) AmBe source.

l 1 :
o . @5 - 10 ) 15
HEUTRON ENERGY (MoV}

R. Grzywacz TRIESTE-DSP Workshop 2013 Fig. 11.5 Typical nevtron energy spectrum of an AmLi source.



Table 11-3. (Alpha,n) reaction neutron yields

R. Grzywacz TRIESTE-DSP Workshop 2013

Passive Nondstructive Assay of Nuclear Materials

' Average  (a,n) (a,n)
Alpha Alpha Alpha  Yieldin Yield in

- Isotope Total ‘Decay Yield® Energy®  Oxide® UFg/PuF,°
A Half-Life? Half-Life? (a/s-g) (MeV)  (n/sg) (n/s-g)
22T 141 X 100yr  1.41 X 10'%yr 41 X 10 400 22 X 1075
By T17yr TL.7yr 80X 10" 530 149 X 10* 26 X 10°
B3y 159X 10°yr 159 X 10°yr 3.5 X 108 482 48 7.0 X 102
B4y 245 X 10°yr 245 X 10%yr 2.3 X 108 476 3.0 58 X 102
BSYY 704 X 108yr 7.04 X 108yr 7.9 X 10* 440 7.0 X 107* 008
86y 234 X 107yr 234 X 107yr 23X 105 448 24 X 1072 29
88y 447 %X 10°yr 447 X 10°yr 12X 10* 419 83 X 1075 0.028
BINp 214 X 10%yr 214 X 108yr 2.6 X 107 477 3.4 x 107! |
238py 8774 yr 87.74 yr 6.4 X 10! 549 134 X 10* 22 X 108
2%y 241 X 10*yr 241 X 10%r 2.3 X 10° 515 381 X 10! 56 x10°
M40py 656 X 10°yr - 6.56 X 10°yr 84 X 10° 515 141 X 102 2.1 X 104
4lpy  14.35yr 590X 10°yr 94X 107 489 13 1.7 X 10%
22py 376 X 10°yr  3.76 X 105yr 1.4 X 10® 490 2.0 2.7 X 102
2Am  433.6yr 433.6 yr 1.3 X 10'' 548 269 X 100

- 242Cmm 163 days 163 days 1.2 x 104 6.10  3.76 x 105

S M4cm 181 yr 18.1 yr 3.0 X 10'2 580 7.73 X 104
249y 320days 6.1 X 10%yr 8.8 x 108 540 1.8 X 10!
BUCf  2.646 yr 2.731 yr 1.9 x 1013 6.11 6.0 X 10°

Editors : Doug Reilly, Norbert Ensslin and Hastings Smith
NuREG/cR-5550 LA-UR-90-732
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Table 11-8. Characteristics of some isotopic (a,n) sources

: - Average  Average Maximum Gamma

Half. Alpha  Neutron Neutron . Dosein . Curies Yield

Life*  Energy®  Energy® Energy® mrem/h at per in
Source (yr) (MeV)  (MeV) (MeV) 1 mA(105n/s) Gram? 108 n/s-Ci®
210poBe 0.38 5.3 4.2 10.9 0.01 4490 2-3
226paBe 1600 4.8 4.3 10.4 60 1 0-17
BipyBe  87.74 5.49 4.5 11.0 0.006 17 24
WpyLi  87.74 5.49 0.7 1.5 ~1 17 0.07
BBpyp,  87.74 5.49 1.3 3.2 ~1 17 0.4
Lipyp, 87.74 5.49 2.0 5.8 ~1 17 0.003
2%pyBe  24120.  5.15 4.5 10.7 6 0.06 1-2
WpyF, 24120. 515 1.4 23 ~1 0.06 0.2
41 433.6 5.48 5.0 11.0 6 35 2-3
Ulamli 4316 5.48 0.3 1.5 2.5 15 0.06
UiamB 4336 5.48 2.8 5.0 35
UiamF 4336 5.48 1.3 25 35
"Ref. 1. '
bRef, 26.
Ref. 36. -
d(Alpha yield/s-g)/(3.7 X 10" dps/Ci).

Passive Nondstructive Assay of Nuclear Materials
Editors : Doug Reilly, Norbert Ensslin and Hastings Smith

NuREG/cR-5550 LA-UR-90-732
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D+T—n+"He E =14.1 MeV

D+D—n+°He E =25MeV
Dense plasma focus !
(Prof. V. Gribkov)
Type of source | Neutron yield | Hard X- X-ray Pulse Lifetime DPF
14 MeV/2.5 ray dose photon duration weight
MeV (at 1 m) energy
ranges
Portable ~10%/ 10° 0.1 Ré 10-30/ 3-5ns 10° shots | ~20 kg
n/pulse 30 - 70 keV
Transportable | ~ 10"/ 10° 1.0 Ro 10-80/ 10-15 10° shots | ~ 400 kg
n/pulse 80 - 150 keV ns

13



0.0 ev - 0.025 ev Cold neutrons

~ 0.025 ev --> Thermal neutrons

0.025 ev - 0.4 ev --> Epithermal neutrons
0.4 ev - 0.6 ev --> Cadmium neutrons

0.6 ev - 1 ev --> EpiCadmium neutrons

E> 20 Mev --> Relativistic neutrons

R. Grzywacz TRIESTE-DSP Workshop 2013 14



Non-portable neutron sources

Nuclear reactors *\’/ 3\
Neutron induced fission as ’/
(“thermal” neutrons) n f el

Accelerators

| !F.'H .

. High-ener \ f By
Alpha particle beams Sa?-_“.-cfefii_ - k{p ﬂw
Deuterons (d,n) - \r‘rr-”*;—'* . n

Spallation .

nucleus

(Va rlable energy’ COld neUtron Figure 10.31 Schematic view of nuclear cascade. [From Lieser (1997).]
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Neutron doesn't carry electric charge !

The principal mode of interaction of neutron with material are:
= scattering
= reactions (radiative capture)

Scattering is a fundamental for “fast” neutron detection
(~keV or larger)

Capture requires “thermalization” (slowing-down) of neutrons
down to very low energies.

R. Grzywacz TRIESTE-DSP Workshop 2013 16



YBen>"Li'+a 0=2.310MeV 94%
YB+n-'Li+o. 0=2.792 MeV 6%
Li+n> H+a Q=478 MeV
‘He+n=> H+p 0=0.764 MeV

H 4 | | 1 | | I
The importance o]
of thermalization of neutrons: Y AU NG NS S S e300 :
_ n, o
g ——— Li-6 (n, o))
2
E 10
8
‘;10—
5
Gas: SR RN SRR S WS S— S )
Boron Trifluoride (BF,) and °*He LS
Solids: S T Y N
. ) Neutron Energy (eV)
B,Li

Image by MIT OpenCourseWare.
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Electronic : Range Where Full Energy : Thermal
Noise and 1+ (Q) is not Deposited 1 Peak -Q
Prop ortional Gamma : in Gas (Wall Effect) : !}egosited
! Lost Prot Lost Trit 1 Intaas
gas (3He,BF3) counter | Eneray . Energy |
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(HDPE) ; -@ | @
| 1
mﬂa:llllllllllillIIIIIIIIIIIIIIIIIIIIIIIII:IIIIIII:
6000 - ' g“:"ﬂ' 3
u ! f 3
2 so00F — Gamma-Ray E
=] E 1 Interactions 3
: 5 4000 ' o 3
Neutron slowing down o Gamma Rejecton E
may take 100ps £ Lo
o 2000 3He {n’ p:@ H E
° 1000 Threshold 3
. =

100 200 300 400 500 600 70O 8O0 900
Pulse Height (Channel Number)

Figure 1.49 Thermal Neutron Induced Pulse Height Spectrum
3Hen at ORN from a Moderated *He Detector
Canberra
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58x 3He tubes (2")
16 x (1")

HDPE moderator
Cd+HDPE shielding

Frame

beamline and
beta trigger

20
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Neutron detection in scintillator

Neutron scatters of hydrogen and transfer parts of
its kinetic energy onto charge particle (proton).
The |onization induced in the material is detected.

)

.rf A
4. b) ~
107k /,f ¢
- - % i Electrnpf,f
: o] - -
o n
2 o6} ax= F J1al
3 n C 3 ¥
o - v ;10 ¥
] - F
= ‘5 :'E -’.r Froton
g ms [
_.1 M - L
$2 |
0.2+ = sa8 One paramelter
UL'J} 102k — Two parameler
C i Data poinis
L 1 1 1 3 L J | Vi | I RN

Particle energy [MeV]

Flg. 7.8, b. Response of NE 102 plastic scintillator to different particles ({(a) from Gooding and Pugh [7.6);
(b) from Craun and Smith [1.7])
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Light induced in the scintillator material induces electrons on
photocatode, this signal is amplified in a photomultiplier.

PHOTOCATHODE

SCINTILLATOR /
R T ”1[_]-: o] MDDE

LIGHT PHOTOMULTIPLIER
PIPE TUBE

Neutron detecting scintillators:

Solid state (plastics)
Liquid organic scintillators.

http://www.detectors.saint-gobain.com/Liquid-Scintillator.aspx

http://www.eljentechnology.com/index.php/products
R. Grzywacz TRIESTE-DSP Workshop 2013
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Fig. 7.11. Pulse shape of stilbene light for alpha particles,
neutrons and gamma rays (from Lyach [1.71]; picture ©
1975 IEEE)

Stilbene

200 400
TIME [s]
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Fast neutron detectors In nuclear research

| = he 4 '
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TSt
W

{1y piohk ShE
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Neutron-gamma discrimination using pulse shape analysis
(charge comparison, zero crossing methods)

High-resolution time of flight measurements

R. Grzywacz TRIESTE-DSP Workshop 2013 25



Neutron induced signals are “slower” due to delayed
photon emission after ionization by heavy particle.

Classic n-g discrimination methods:

zero crossing, charge comparison

V.T.Jordanov,G.F.Knoll,IEEETrans.Nucl.Sci.NS-42(4)(1995)683.
S.Normand,B.Mouanda,S.Haan,M.Louvel,Nucl.Instr.andMeth.Phys.Res.

A 484(2002)342.

-0.6

Normalized pulse amplitude

&
o
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25000 .‘/" -
Sontllanen pulse % [TCrzBaim wngsten biock
" o= = Cf-252 without tungsten block
20000 =
g
5 15000
10000 - ._
(ATE 1 [total) |3200s] : :  wonn
5000 _.' T"'vn
. LWK-
GATE 2 (slow comp. ) [2500s] P — :

30000

400 450 500 550 600

Channel number (charge ratio)

Figure 3. Distribution of PSD module caleulated charge ratios for a Cf-
2 source, with and without a tungsten gamma shield block.



Neutrons : S -
, -
p=mv __5 Gamma,
2 TOF Start neutron Stop
2F m
= 3000
Photons: 8
8
2
V=c=const < 000
TOF=const &
F 1000

0 : S : b o
0 50 100 150

Time of Flight (ns)
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> 2 clovers, 3% efficient @ 1MeV
> 48 x 60 cm VANDLE bars
* 45% efficiency/bar @ 1MeV
* Q=26% of 41
* 12% total efficiency @ 1MeV
> Fully instrumented using XIA's Pixie
16 digitizers
» Custom firmware:
Triple-coincidence two-level triggering
scheme
» VANDLE pairwise coincidences
(per bar)
> Beta trigger required for readout

R. Grzywacz TRIESTE-DSP Workshop 2013




plastic scintillator - BC408
* Rise/Decay time - 0.9/2.1 ns
* Bulk attenuatign- 3.8 m

wrapping material:

v Aluminized Mylar
+ 3M Vikuiti ESR
v Teflon Tape

v’ Pure Nitrocelulose Paper

Data acquisition:
* analog - VME based
= digital - PIXIE-16

photomultiplier tubes:
v’ XP2012, R-580

— ~ XP2020, XP2262
v R-329

R. Grzywacz TRIESTE-DSP Workshop 2013 29




ADC steps

Is the sampling frequency a main limiting factor
in timing measurements ?

1950 —
1900 —
1850 —
1800 —
1750 —
1700 —
1650 —

1800 —

1750 —

1700 —

1650 —

— traceB
— fraceh

I
0
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Original Signal Aft@ar Low Pass Filter

 Original signal is fast compared to the sampling period
« Time differences of <10ns still appear.
e 10ns/div on x-axis

S. Paulauskas (Univ. of Tenn)

R. Grzywacz TRIESTE-DSP Workshop 2013 31



Original Signal Aft@ar Low Pass Filter

 Original signal is fast compared to the sampling period
« Time differences of <10ns still appear.
e 10ns/div on x-axis

R. Grzywacz TRIESTE-DSP Workshop 2013 32



Original Signal Aft:er Low Pass Filter

 Original signal is fast compared to the sampling period
« Time differences of <10ns still appear.
e 10ns/div on x-axis

R. Grzywacz TRIESTE-DSP Workshop 2013 33



Original Signal Aft:er Low Pass Filter

 Original signal is fast compared to the sampling period
« Time differences of <10ns still appear.
e 10ns/div on x-axis

R. Grzywacz TRIESTE-DSP Workshop 2013 34



Waveforms

e Time in waveform
referenced to internal
clock

* Time information
contained on leading edge
through amplitude of
sampling points.

« Can we extract time
information that is less
than the sampling
frequency?

R. Grzywacz TRIESTE-DSP Workshop 2013



Start Delayed (1-10ns)

Stop

Expected
Spectrum

. o

Analysis +—

R. Grzywacz TRIESTE-DSP Workshop 2013 36



Timing: “Simplistic” digital CFD

e beten grou IS
» Distance between peak pairs is ~2ns

R. Grzywacz TRIESTE-DSP Workshop 2013



* Pulse Fitting f(t) = ae(t-t0)/ (1 _ 6—(t—t0)2/a)
- Fit the entire pulse
- Can be time consuming
- Produces excellent time resoluti

Single Point Analysis

- Equation describes trace
- Extremely fast analysis

- Resolution comparable with fit

016_(t_t0)40 t < iy

f(t) = { Cy(e—(t—to)lr _ (%) e=(t=10-05)l2) ¢ > ¢,

R. Grzywacz TRIESTE-DSP Workshop 2013 33



Timing : Single Point Analysis

R. Grzywacz TRIESTE-DSP Workshop 2013



Timing: Phase-Phase Diagram

2.2ns Delay
CFD

* Phase of first signal random with respect to 100Mhz clock

* EXxpect to see a straight line with a single slope

R. Grzywacz TRIESTE-DSP Workshop 2013



FWHM vs. Voltage

960 m

— .

\8/ 720

S 480 =

T

< 240 M 5

T . s ] ]
0

0 200 400 600 800 1000 1200
Voltage (mV)

* The two methods produce similar results.
» Degradation of resolution due to Pixie is minimal

R. Grzywacz TRIESTE-DSP Workshop 2013
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http.//www.xia.com/

500MSPS
16 us traces
MCA

PCl interface 70 Mbytes/s
16bit DSP

Offsets -2.5V/+2.5V
R. Grzywacz TRIESTE-DSP Workshop 2013
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Fil=  Edit Qaia Analysis  Macros  Windows Panel  Misc

i Parameter Setup

Pixie500 new time - Igor Pro 6.31

=] i ]

B[22 |

B[54z ]

3 | B[B12 |

Tlow A0 Elm L:.L,.";.Iu,ﬁ,“,ﬁn....d?.au?? B [5&5000 |

: 2 ev time high & [44907 B [44907 |

Eh'bhsilzd el * -

Ehn - : | -

G -D, ch time stamp & [40024 E [40020 |

° A . h B[z |

Rllow A0 3] Tewt, |
B o T difference [ns]

RThigh &[0__13]
=4 T

. Process | CutE,kista | T diff v E |

I #pra Fit histo I T diff vs RT

/i This procedure contains functions to compute time-of-arrval differences between 2 Pixie-4/500 channels
i After loading it into the Pixie Viewer, this is how to operate it:
- click "compile” at the bottom of the procedure window
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File Edit
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400

ompute time-of-arrival differences between 2 Pixie-4/500 channels

his is how to operate it:

rocedure window

|Ready |
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