Week 7: Ch. 10 Spec. w/ Scintillation Ctrs.

Photomultiplier Devices

Spectroscopy with Scint. Counters
-- gamma-ray interactions, reprise

-- observed spectra

--- spectral components, backscatter
--- summing

-- position measurement

Semiconductor Diodes

Rings of Saturn

NASA/JPL
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Chap. 10 — Spectroscopy with Scintillators

Spectroscopy implies the measurement of the energy of the radiation.

Charged particles: the light output was shown to be proportional to the range of the particles and
so each measurement of each particle at each energy requires a calibration — limiting the applicability.

7/ dE .

—=— when —islarge

dx kB dx
Neutrons: primarily detected with organic scintillators and interact by scattering from hydrogen or
capturing on seed materials. The scattering leaves varying amounts of energy in the material (depends on
kinematics of random collisions). Neutron spectroscopy with scintillators relies on Time-of-flight
techniques that can often even ignore the energy deposited in scintillator.

Gamma—rays: are very penetrating and high density materials are needed to have significant
absorption = inorganic scintillators.

120 .

Recall there are three classes of interactions: PE, i Photoelectric Pair i

CS and PP, and the probability of each depends on _ 100 i effect production -

the photon energy and on the Z of the absorber. 2 8O0 dominates dominates -

_ : § 60} lodine :

The workhorse scintillator for photons is Nal(T1), ® I -

the observed spectra have characteristic features ©  40f T

. N | i

that depend on the incident photon energy. Recent 201 Sodium Cocrinptqn teffect

efforts have attempted to identify new materials: S E‘i‘i’("fﬂ

e.g., LaBr;(Ce) 0.01 0.1 1 10 10

© DJMorrissey, 2019 Fig. 2.20 Knoll, 3" Ed. Photon energy, MeV


http://www.crystals.saint-gobain.com/products/brillance-labr3-lanthanum-bromide

Spectroscopy w/ Scintillators — Line Shape MIEHIGAS 1AL

Photoelectric Absorption: low photon energy

phenomenon, complete conversion of hv into KE of one e  thenon 4N
into visible photons, back into photoelectrons, then into a current.  4E

Compton Scattering: messy 1%

h Y
W= 4 NNANNANNDE —

Jo | ‘
1 +( h V2 ](I —cos (9) p’ , ;_‘1‘—:(33““6(1 y-ray - f=r N
m,c dN l l

dE
Pair prOdIlCtiOl'l: photons with more than twice the rest mass \_—/ E;

<— Compton continuum —

recoil electron

energy of an electron can convert (in an electric field) into a

: : . oy : “Compton
positron/electron pair. The positron annihilates at the end of its edge”
range creating two new photons (E=511 keV) each that may escape. E
The fraction of escapes depends on the crystal dimensions. .
hv < 2mqyc? kv >> 2mge?
Full- Full—
Two or three processes take place energy energy
.. . dN peak dN peak
for each incident y ray creating a dE dE
. [ —
complicated spectrum even from \1
a monoenergetic source. A LA
hv E (hv—mgc?) | hv E
Multiple ' Multiple
Compton Compton

© DJMorrissey, 2019 events events



MICHIGAN STATE

Spectroscopy w/ Scintillators — Incomplete Interactions hperassIES;

Figs. 10.2, 10.3, 10.4, 10.6
from Knoll, 3 Ed.
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Spectroscopy w/ Scintillators — Observed Spect. fpmaaasses

UNIVERSITY

76B76 Nal Detector: **Co Spectrum

%0Co one expects: 117 wev —F
two full-energy peaks, 1133 Mev Co T
two Compton edges .. E2 AE=1.173
&
b a ‘
3 E2 AE =1.332
o > 4.7% FWHM
]
\ 60N
c

U & 2.5 Mez>
Ene@(ﬁl?‘r,L

Compton backscatter, the photon scattered at 6 ~180° from the environment
back into the detector. E(hv, 6 ~180°) ~ m,c?/2

Solution: move shielding far from the detector.

X-rays generally from fluorescence of scintillator or often from shielding.
Solution: move shielding far from detector and use a “graded shield”

© DJMorrissey, 2019



Spectroscopy w/ Scintillators—Response Function
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Beware the crystal sizes are
different in each of these figures!



Spectroscopy w/ Scintillators — Summing MIE AR 1AL

Summing is a loss mechanism that depends on the geometry (true coincident) and on the rate (random).

True Coincident Summing: two photons are emitted in cascade from the same nucleus
(within the total resolving time) and both strike the detector... [ ‘A’ is the activity of the source ]

N, =&""e. (A*A)BR,  [=&QSy, intext]

N, = g;hOtogGeo (A*Ar)BR,

The sum peak: Nlb;_sum = (glPhOtO gGeoBRl nghow 8GeoBR2 XA * At)W(® = O) ocC géeo

Any lOSS from i 1 ”: NILZOSS = (glphmo gGeoBRl ggbmlgGeoBR2 kA * At)W(O) oC 8(2;60

Observed “17: N = N, - N = N,|1— (7" &, BR, ¥ (0)]

Random Summing: two particles from different nuclei strike the detector within the
total resolving time, t, -- only depends on the total counting rate, r :

N Where 1,,, 1s the rate of all events that add signal

_ -1 _A( Photo BR) _( ) w9 .

rl_At_ €1 EgeDIY o =\RT onto "1” or pileup ... Iy, =T+ 1] + e + ...
N.B. random summing even occurs with sources

that only emit one gamma ray!
© DJMorrissey, 2019



Spectroscopy w/ Scintillators — Position MICHbARS AL

Position measurements can use the light output reaching each end of a bar
or if the electronics are suitable, the time difference between signals at each end.

Right J'
O ° |
ettt 71 /—/—7™7Z—+—/——————"—"————™W ST z*x _________ 7/_ -

»
Ll

x=( x=L

Assume that light is “piped” to the end with a Beer’ s Law attenuation coefficient, o

Iy s Iy _a-x
IL=EOe IR=503 (=9
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Week 7: Ch. 11 Semiconductor diodes MICLROANS ATk

Semiconductor Diodes

-- basics of semiconductors

--- pure elements & dopants

--- 5-3 Materials

-- 1on collection, leakage current
--- diode structure, pn, np junctions | ' 77
--- depletion region

— 200

Band gap at 300K [eV]

© DJMorrissey, 2019 Lattice constant [nm]



Chap. 11 — Semiconductor Diodes

MICHICAN STATE

UNIVERSITY

Semiconductor diodes provide the best resolution for energy measurements, silicon
based devices are generally used for charged-particles, germanium for photons.
*Scintillators require ~ 100 eV / “information carrier” .. Photoelectrons in this case
Gas counters require ~ 35 ¢V / “information carrier” .. Ion-pairs or Electrons
*Solid-state devices require ~ 3 eV / “information carrier” .. Electron/hole pairs

Conduction Band

Metal Insulator
A semiconductor 1s an insulator with a small band gap,
~1.2¢eV for silicon. Generally want smallest band gap but
thermal excitation across the gap provides a leakage
current. N.B. the actual band gap depends on the direction
relative to the lattice (S1 and Ge do not crystallize in cubic
lattices) and the gap decreases slowly with temperature.

Unoccupied
levels

Energy

Fermi
level

The ratio of ‘w’ to band gap is approximately constant
for a wide range of materials — division of excitation
energy between e/h pair and phonons, etc. is ~ constant.

© DJMorrissey, 2019
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C.A Klein, J.App. Phys. 39 (1968) 2029



Semiconductors — Charge carriers MicHILAR S IATL

“pure” material, no dopants is called “intrinsic”

The intrinsic carrier density in a semiconductor is low:

~ N, N e T |k T=0026eV @25C
Pe yiVc€ B eV @ N, and N, are the densities of states in the

p, ~10710"7 e ~10"-10"cm™ valence and conduction bands. ( Only
rough estimates given here. )

\ﬂ “diamond lattice”

Lattice Constant
Carbon 0.356 nm

Silicon 0.543 nm
Germanium 0.565 nm

© DJMorrissey, 2019



Semiconductors — Dopants MIEHIGAS 1AL

13 14 15

+3[12.0111 -4114.0067 -3

C 2 N 2| Add atoms from the neighboring groups in the periodic table
2| *Group 15, Phosphorous, nearly same size, excess electron
25 k| Group 13, Boron, nearly same size, electron deficit

26.98154 +3128.0855

Donor level from P atom below conduction band by ~ 0.05 eV ..
Thermally excite from donor, excess electrons— n-type

Conduction Band >

~1eVgap

Acceptor level from B atom above valence band by ~ 0.05 eV ..
s Thermally excited from valence band, excess holes — p-type

—0.05/2kT —1 |
e ~e |

Conduction Band
~1eVgap I

Control the conductivity by controlling the amount of dopants!
N.B. 2 ppb gives (2x107) (5x10%?/cm?) = 10'* /cm? >> 10? for Si

INCREASING RESISTIVITY —— = .
For an n-type material, the electrons
carry the current so that the
resistivity is:

IO =

<«———— INCREASING CONDUCTIVITY quD,ue

. e 10> | :i6°
OHM—-CM —+—+——+—+——+—+——+—+—]

COPPER GERMANIUM SILICON GLASS
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Semiconductor — Ion Chamber? L'\,’"E.H\',G[A.':J SS.TA%TE

i =y Imagine constructing a simple block of intrinsic

o] semiconductor and trying to use it as an ion chamber ...
The block has a length, “L” and a cross sectional area, “A”

.............................. : :.' 'R With a resistivity Of p _ 60k Ohm_cm (high quality Sﬂicon).

v H @A) Apply nominal V, = 60V bias to collect 1ons.
0

1 MeV energy into material creates ~ 3x10° e/h in ~50 ns ... limiting drift velocity ~ 107 cm/s

3x10° (1.6x107" Vr
Lional ™ Aq _ ( - ) =21()'7Amps for L in cm
At (L cm /10 cm/s) L
time
L
Leakage — EO where R= pZ
Leakage = hA —> 00A = AIO‘3 Amps for A/L in cm
oL 60,000L L

Thus, I >>1 so we need a trick to kill the leakage current.

© DJMorrissey, 2019



Semiconductor Diodes — 1

n-type p-type

——®

“Forward” bias — normal flow of current

The “type” is determined by the
implanted atoms .. Different
atoms can be put into a single
piece of semiconductor, then an
internal field will form due to
migration of charges.

© DJMorrissey, 2019

MICHICAN STATE

UNIVERSITY

p-type n-type

“Reverse”’ bias — no nominal current

internal contact

no field applied potential
o ST © 17 o
—o p KR nol— — Al noef—
o _dh o [ o
holes electrons depletion
electron Ano dcr\catho de field applied region
flow Vv /
+ o/
o
no
o

forward biased or conduction

reverse biased



MICHICAN STATE

Semiconductor Diodes — 2 e

__— Diffusion of “donor atoms” into bulk p-type material gives concentration profile

(log scale) N
D L bulk p-type dopant concentration is much, much
o 3 o lower than the concentration of donor atoms
/ \\“_"“—“"""”" (figure contains a log scale)
e
T %o
."’é}__. I Charge density, p(x): Migration of the charge
e across the boundary causes a charge separation
» and a “depletion region” ... in this case the holes
ﬂ | migrate for a longer distance due to imbalance in
0 | | ) concentrations in two regions
I Depietion
pix)

V. - comact porenc Which creates an internal electric potential, ¢(x)
with a potential difference of ~ 1V

N
o /'\ i and an electric field, E(x), where the lines of force

Fig. 11.8 Knoll, 314 4 | originate on positive ions and terminate on the
Eds. negative 1ons.

The depleted region has a very low concentration of mobile charge carriers and a

very high resistivity — this is a very good region to measure/collect ionization.
© DJMorrissey, 2019




Semiconductor Diodes — Model for Depletion Depth

N

Np Charge neutrality gives: a*Np=b*N, (1
Concentrations versus 5 Y6 : = a (D
position for 1-Dimension Depletion depth, d = a+b
| ’_NA One Dimensional Poisson Equation in two regions:
-a x=0 b 5 —4q.Np a<x<0 Boundary Conditions :
d ¢ _ — p(x) _ &
N 2 < +q.N, 0<r<h E(x=-a)=0& E(x=b)=0
E(x) ¢ )
a9 —4q.Np (x+a) a<x<0 Boundary Conditions :
_ _ 7Y _ &
R E(X)_d_x_+quA b 0 <b ¢(x:—a):V&¢(x:b):O
-a x=0 b T Y URIE
A — Match =V.

d(x) —qzivD(x+a)2+V a<x<0 atj\[ atx=0 Y

T #(x) = "4 Np 2y TGN a2

Jrq;NA(x—b)z O0<x<b ¢ a+V 2 b (2
2¢&
=0 = Depletion depth: combine (1) & (2) (at+b)*b=2eV /q.N,
- X=

Generallyb>a .. d=b~(2eV /q.N,) *

© DJMorrissey, 2019



Semiconductor Diodes — 3 MICHIGAN STATE

UNIVERSITY

Some properties of the junction: ~ Rectifying contact
, e ohmic or blocking contact
2 1
g~ v & pm 1
QeNA quDlLle
A—}
oA - One can apply an external
d~2eVpu & C=— s v>v, (reverse) bias voltage such that
d :
the depletion layer extends
i from the junction to the full
E=AV/Ax — E = %71/ \mwin.., I thickness of the device

Fig. 11.12 Knoll, 31 4 Eds.

Silicon Surface Barrier Device

Electric
field
strength
"‘ ..o Insulating ring
\NNANNANS o [ Metalied ——- e
n-type '. i Y \ ’ / ”l:)‘fvs) ( Li com?:’enﬁat!d ’(or Ll \
Silicon wafer
| | N Prme  wpem e o
Metal case
Au Si0, Si Al /30 nmp+ 30 nm n+ Fig. 11.13 Knoll, 31 4% Eds.
Connector
metal E 10-50 ym i H metal
\/\/\ i Fig. 11.11 Knoll, 37 4t Eds. 3h, .
L (From EG&G Ortec) 2 1l |
: =] |
© DIJMorrissey, 2019 '
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MICHICAN STATE

Semiconductor Diodes UNIVERSITY
particle track/
ATLAS (HEP) 64x64x0.3 mm, n+ contacts 0.08 mm pitch Silicon layers are thin, typically 0.3mm
quard / but up Smm are produced. (dictated by

the semiconductor chip industry).

‘n" type bulk

e

. . d
bias lines q
e

* electrons

ol n + RGN S
1 e

depletion limit

isolation implants ﬂ;}‘
=
§ 400 N -
Silicon Detector “telescopes” combine a thin device >
with a thick device to i1dentify charged particles. ?g
o L ' B
2 . 200 ' g
d—E =C, Mz In| C, £ ”E :
dx E M 8
% i . Lo
2 _ il 1
AE Ax(d—E ) Mz o oAEe L Punch-through , z . !
dx E Software cut 100 200

E-AE (arb. energy units)
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MICHICAN STATE

Semiconductor Diodes — Micron Semiconductor Fsasmassss;

© DJMorrissey, 2019

http://www.micronsemiconductor.co.uk

WAFER SIZE STANDARD SILICON THICKNESSES
(um)
4-inch 20, 30, 40, 50, 65, 80, 100, 140, 250, 300, 500, 1000,
1500
6-inch 150, 200, 300, 400, 500, 675, 1000




Week 8: Exam -1- Next Week M AT SIATE

Exam -1- in Classroom Tuesday, 17 Oct. 2017

-- Chapters 1 to 10 plus Vacuum
-- Open Book (Knoll)

Chemistry 985

Fall, 2011 Exam # 1 OPEN BOOK
Distributed: Tues., 18 Oct. 11, 8:30AM Due: 18 Oct. 11, 10:00AM

1. (10 points)

the NSCL t Chemistry 985
for neutrino
lar Mass=7 Fall, 2013 Exam # 1 OPEN BOOK
%K (Ty/o=1 Distributed: Thurs., 17 Oct. 13, 8:30AM Due: 17 Oct. 13, 10:00AM
K to Ge i1
2. Provide con Some constax
the very poj
the informai 1. The textbc Chemistry 985
0o, B @
(@) Eube‘?,o‘ Sgle BAM ) 9015 Exam # 1 OPEN BOOK
.« Distributed: Mon., 19 Oct. 15, 12:30PM Due: 19 Oct. 15, 1:45PM
and a diffe
all covered
to absorb
Some co

Chemistry 985

(a) (2 pOiuua/ vy au atc

Fall, 2017 Exam # 1 OPEN BOOK
Distributed: Mon., 17 Oct. 17, 8:30AM Due: 17 Oct. 17, 10:00AM

© DJMorrissey, 2019 Qame constants: a. 1 AN2x10719 Canl en R RRAx1N"12 F/m



