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f N‘? | ntroduzione:

L_/ i Fisica Mucleare
L’ elettronica di lettura per rivelatori a stato solido con grande “granularita’™” ha
avuto origine negli anni 70 in esperimenti di fisica delle alte energie.

Per esempio i quark CHARM e BEAUTY formano con altri quark mesoni e
barioni instabili che poi decadono con vite medie di ~ 1 psec.

-  rivelatori “veloci” che sappiano misurareil passaggio di particelle
relativistiche a minima ionizzazione con la precisione di alcuni micron

- vitamedia del picosecondo per queste particelle “ pesanti” significa
spostamenti di gqualche millimetro dal punto di produzione al punto di decadimento
(transver se decay lenght)

- grande numero di elementi sensibili su un unico rivelatore + vari strati di
rivelatori per avere altarisoluzione spaziale  (aree sensibili ~ 0.1 — 0.2 n¥)

- molti canali di lettura (circuiti “ibridi” afilm spesso)
Tutti | moderni esperimenti usano rivelatori a stato solido

-  comerivelatori di verticee“tracker” (aree sensbili >> 1 m2, circuiti di
letturaa VL SI)

-  materiale“tipico” € ancorail Silicio (altaresistivita’), ma altri materiali

sono di interesse (GaAs, CdZnTe, Hgl 2, CVD diamond, ...)
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Rivelatori di vertice (e di traccia):
| tipi di rivelatori piu’ comunemente usati sono:
Rivelatori a“strisce”  (singola e doppiafaccia)
Rivelatori a*“ pixel”
Rivelatori a*“pad” (large pixel ~ 1 mm x 1mm)
Camere aderivain Silicio
CCD (Charge Coupled Devices)

- Generalmenteil rivelatore di vertice € costituito da piu’ di un tipo di rivelatore.

- Ogni tipo di rivelatore € asua volta costituito da 3-4 strati di rivelazione

Silicon Strips Detectors
Silicon Drift Detectors

Pixel Detectors
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s Caratteristiche importanti:

L ecaratteristichede rivelatori dipendono un po’ dall’ applicazione:

- Larisoluzione spaziale € chiaramente il parametro piu’ importante per i rivelatori
di vertice

Si0, Strip (n*)

Guard Rings j AL p-stops ’/

n-bulk l
p* backplane implant :

Fig. 10. Layout of a sirip detector with strips on n™ -side with
p-stop ohmic separation.

L Resolution of a telescope plane

Chi2 / ndf =76.52/ 19

Unadelle migliori risoluzioni ottenute con un 2000 f o e a
i i JEgP 1800 F o -
rivelatore a microstri pe. 1600 E- Mean = 0.1893 +-0.002955
1400 — Sigma = 1.962 +-0.002913
_ 1200 -
c=14pum 1000 E-
Spessore 300 um 288 3
Pitch 25 um 400
Readout Pitch 50 um oA TTTTIIT ADTIT T
Peaking time ~ S -20-15-10 -5 0 5 10 15 20

residual (um.)
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m'? Caratteristiche importanti per i rivelatori di traccia:

L_/ i Fisica Mucleare
-> Per unaricostruzione efficiente e precisa del “ b-tagging” edd “ b-trigger” , il
parametro importante € la risoluzione sullo “ impact parameter d”

(la distanza trasversa retroproiettata fra il vertice primario ed il vertice di decadimento)

Es. 1. DELPHI, double-sided strip detectors o4 (rg) =21 pm
64(2) =36um
per un decadimento a90°di Z° 2> p+u-—
2. ATLAS pixel detector Gy (r¢) =11pum
3. B-factory assmmetriche c4(2) <130 um

fradue vertici di mesoni B (separazione longitudinale)

-> Per rivelatori ad LHC cio’ che conta € soprattutto una buona efficienza nella
ricostruzione delle tracce, buon pattern recognition e bassa occupanza

Es. CMS c = 15-25 um per ottenere una risoluzione sul momento trasverso
di dp/p, ~15p, (TeV)%

- Unanuovarichiesta per i rivelatori di vertice € quella di usareinformazioni
sulletracce (on linereconstruction ~1 MHz) nel “trigger di primo livello” (LHCb,

BTeV)
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INFN Resistenza alle radiazioni:
L_/ i Fisica Mucleare
La*“vitautile’” di unrivelatorea S € funzione della quantita’ di energia

depositata dalle particelle sotto forma di “non-ionising energy loss’ nel corpo del
rivelatore:

- Genera un cambiamento nella concentrazione “ efficace” di drogante nel materiale
(un materiale di “ tipon” diviene un materiale di “ tipo p”) con un effetto sulla
tensione di svuotamento del rivelatore

- Genera un aumento della corrente di perdita con |I’aumentare della fluenza

- Genera una diminuzione nella vita media del portatori con una conseguente perdita
nel segnale elettrico

|| problema viene affrontato con “device engineering” —> collaborazione RD50

Table | . . S0
Expected fluences of diffferent particles for 10 years of full
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a': ” Elettronica di Front-end:

L"amplificazione dei segnali “ relativamente piccoli” generati nei rivelatori a S varia

conil rivelatore

pixel con spessori ~ 200 #m - 16000 coppie e-h
strip con spessori ~ 300 —-400 um = 36000 coppie e-h

Ad alte luminosita’ (LHC, upgrade del Tevatron) |’ elettronica per Pixel e Strip deve
soddisfare a requisiti stringenti:

- essere abasso rumore

- possederela capacita’ di trattenere tutte le informazioni provenienti dal
rivelatore in attesa di un segnale di trigger

- I'elettronica deve essere resistente alle radiazioni tanto quanto il rivelatore
(almeno per i pixel)

- L’architettura dell’ elettronica di front-end € quindi influenzata soprattutto da due
parametri:

- Levd 1trigger rate
- Occupancy
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&FN Elettronica di Front-end:
Tre possibili scenari per gli esperimenti a collider:
1. Bassa occupancy con trigger rate < 1KHz (es. B-factory et+/e-)
2. Alta occupancy con trigger rate ~ 100 KHz—1 MHz (es. Collider Adronici)

3. Altissima molteplicita’ ma basso trigger rate (es. Collider aioni pesanti)

- Nel primo e nel terzo caso:
- il tempo di formatura € relativamente lungo
- Il canaledi elettronica € strutturatoin modo “tradizional€e’

- Leuscitedei canali vengono multiplexate e mandate all’ elettronica di “ Back-
er]d”

- Ne secondo caso:;

- Labanda passante del canaledi lettura deve essere molto alta (~ 25 ns shaping
time, determinato in gran parte dall’ occupanza)

- | dati devono essere conservati in “lunghe pipeline” prima di essere
multiplexati erilasciati all’ elettronica di Back-end
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INFN ! ”’N
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Rappresentazione schematica di un rivelatore a strip e della posizione della sua elettronica

di lettura
- lacaricavieneraccoltadapiu’ di un elettrodo - non tutte le strip debbono

avere canali di lettura
- laposizione dellatraccia puo’ essere ottenuta per divisione capacitiva (vedi

canali 1 e 2) oresistiva(vedi canali 2 e 3)
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&FN Elettronica di Front-end per Babar
Un caso particolare dei precedenti € |’ esperimento BaBar (SLAC)

- il rivelatore di vertice € costituito da cinque strati (~ 1 n¥) di rivelatore a strisce a
doppia faccia

- tempo fradue “ bunch crossing”: ~4.2ns

- trigger latency and jitter: 11.5+/- 0.5 usec
- maximum average trigger rate: 10 kHz

- maximum hit rate per channel: 150 kHz

- minimum input signal charge: 0.941C

- time stamp accuracy: < 100 ns

- Poiche’ il bunch crossing € molto freguente, nessuna delle operazioni di
elaborazione del segnale debbono essere limitate a questo intervallo temporale

- E’ necessario chel’ élettronica funzioni in modo asincrono, ovvero senza un clock
per acquisirei segnali o per determinare quando analizzare il prossimo hit
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Elettronica di Front-end per Babar

| requisiti della fisica si traducono nei parametri progettuali dell’ elettronica:

0) Necessita’ di una lettura analogica del segnale (minima risoluzione: 3 bit) per
migliorare la risoluzione sull’ impact parameter (attraverso divisione di caricafrale
strisce)

1) Acquisizione e “ processazione” del segnalein parallelo per tutti i canali
2) ENC: ~1200€.rms
3) Soglia del comparatore: 0.8 fC

4) Tempo di picco: per ragioni di rumore = 100 ns nel due layer piu’ interni, piu’ lungo
sui layer piu’ esterni (200ns, 300 ns e 400 ns)

5) Buffering degli eventi (a vari livelli), in modo che solo gli eventi sopra la soglia
vengano trasmessi (“ sparse readout” ) e che sl possa usare un' alta frequenza di
trasmissione (60 Mb/s).

6) Potenza dissipata per canale: < 4 mW

M etodo adottato per la lettura analogica del segnale 2> Time-over-Threshold (TOT)

Caricadd rivelatore Q - picco del segnale all’ uscita del formatore - tempo soprala

sogliadi un comparatore (viene introdotta una compressione! 'C) ,
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INFN P-Channel MOS (2.2 nV/sqrt(H2)) Campionato a 15 MHZ
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Figure 1: Architecture of the AToM chip. For each chip there are 128 identical channels.
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INFN
L/ o Fiicn Nucs

Metodologie generali di processamento dei dati

1. Digitalizzazione immediata del segnale all’ uscita del PA (e del filtro

antialiasing). Tutte le operazioni di filtraggio, rilevamento del picco, etc ... nel
dominio digitale.

2. Concentrarei dati analogici prima di convertirli con un ADC

- metodo ddl track and hold

- metodo delle pipeline/memorie analogiche

- hecessitadi un
trigger preciso

- haun lungo
dead time durante
|la conversione
sequenziale

- abassa
occupancy
digitalizza spesso
“pedestals’

P/S

ANLG
MUX

T/H

1\

T/H

>

— ADC

- >

TH

Fig. 1. Popular analog data concentration techniques. (a) The track-and-hold.

e

SAMPLE

(a)

CK

PIS

ANLG
MUX /

—— ADC

VoYY

(b) The switched-capacitor analog memory.

T

CELL ADDR

(b)

CK

- simili problemi

il tempo morto puo’
essere minimizzato a
patto di avere “extra’
celle di buffer ed un
controllore compl
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|| rivelatore a Pixel di Atlas

|l Pixel Detector €' il rivelatore di
vertice dell’ esperimento.

Composto datre layer nellaregione
del Barrel (B-layer aR=5.1 cm dalla
regione di intersezione) e sal dischi,
fornisce tre precisi punti di misura
per laregione fino al n | <2.5.

Composto da 1456 moduli per il
barrel e 288 moduli per le regioni
“forward”

80 milioni di canali di lettura con un
areasensibiledi 1.7 m2.

Moduli operano allatemperatura
Inferiore allo 0°C ed all’ interno di
un campo magnetico solenoidale di
2T.

| moduli del barrel hanno
un’inclinazione di 20° nel piano R
per “correggere”’ |’angolo di
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e Buona“granularity” e bassa*occupancy” -
essenziale per un buon “pattern recognition”
» | pixel forniscono lapiu’ accuratamisuradi Z nel
sistemadi tracciamento di ATLAS.

INFN Perche’ usare pixel in prossimita’ del fascio?
o Perche’ altrimenti la ricostruzione degli eventi sarebbe molto
piu’ complessa
§3oo—'""""'"'*E'*"""JC'L"'"""""'_"— Pixel view
250 | i T -
200 _ - .
150 :- - i __
100 _— __
50 |- - T = | -
T Tl e w0 w0 w0 1 1 | (| Sipview
Cvent Vian Column £ 0 |- B

=
a1
o

h "ME
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&Fﬂu Simulazione della radiazione di fondo nell’ apparato
sperimentale

e Lo strato piu’ esterno (R=8.8 e
12.1 cm) riceve una dose

annualedi N |_EL COrri spondente Jan03 Base (24620) - 1 MeV Neut Equiv/em*2/Yr (NIEL)
dlafluenzadi 10 n /cm?

e B-layer aR=5.1 cmricevetre
volte piu’ radiazione dello stratc
esterno.

e || rivelatore deve resistere alla
dose ricevuta dallo strato piu’
esterno durante dieci anni di
operazione, OVVero:

— NIEL >1015 neq/cm2
— dose >50 MRad

Tutti i componenti del rivelatore
sono stati testati per questa
condizione operativa (attraverso
Irraggiamenti accelerati)

Rivelatore a Pixel
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INFN |l concetto di

modulo

Module Controller Chip
Flex hybrid

~ 7
16 FE chips Sensor

A moduleisthe elementary self
consistent detector unit.

» It consists of asilicon sensor read-out
by 16 front-end (FE) chips connected
via bump bonding (either SnPb at 1ZM,
Berlin, or Inat AMS, Rome).

« Datadigitization is performed locally by
the FE.

* Information from and to the FES passes
through a Module Controlle Chip, which
also performs the event building.

All communications use low voltage
differential signal on micro-cables
before being converted in optical signals
at the end of the whole pixel detector
active area.

Pigtail

HV connection
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) Pixeldetector Module

Module Controller Chip

Temperature Sensor
Opto Package (VCSEL & PIN dlode)

ﬁ;ﬂnns to

DORICp VDCp outer world

Ogni modulo: 16 Frontend Readout Chips
- contiene 46080 canali

- haun'area attiva di 10 cm?
- dissipa: ~ 5W

> wDC
— 4
8 Opto-daughter
mn . VVDC Ret Power
-t
Second data link is required Connections
only for B-layer modules, due - VISET
to higher occupancy ‘
Data2 lg—VCSEL2y | < DTO2 (DataOut2)
‘_ VCSEL2- VDC-p Chip |« DTO%bar (DataOutobar) g /DDA Ret
Data VCSEL+ DTO (DataOut) VDD
<+ VOSEL- < DTObar (DataGutbar) g VDD Ret
Optical 16 FE chips + MCC + Sensor + Flex
Package -li igh-
g g‘ptto_:u&k quhtgpeed Module
WDC¢ ‘vvao Ret igtail Connections Pigtail
CK ¢ VDet Power
XCKbar ¢— /Dt Rt Connections
TTC PiN+ i -
—_— o DORIC-p Chip DCI (Dataln) >l
DClbar (Datalnbar’ | Reset
——————DClar(Datalnban_y, —Resel
NTCT
NTC2
| NTC2 o,
A A
1K
VPIN
2 SN < Opto-daughter
g Power
- VPIN Ret Connections
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|| concetto di “Sector” edi “Stave”

Bi-stave dummy-assembly:
two 13 modules staves are
joined to form a cooling loop.

Sector assembly (1/8 of a disk):
6 modules are mounted on carbon-carbon
plates, sandwiching the cooling pipe.

Mauro Citterio - 28 Ottobre 2004




INEN Modul€' s bricks: rad-hard sensors
(o
e Sensor modules consists of 47232 n* pixels (mostly 50 um x 400 um  |—

) on n substrate, having an active area of 60.8 x 16.2 mm?Z.
 Pixelsareinsulated by amoderated p-spray implant.

» For sensor testing all pixel can be kept equipotential by abiasgrid.

e Onefull moduleisread out by 16 FE chips. Hybridization tolerences
require at least 200 um between adjacent chips. In order not to loose
coverage, special pixel layout is chosen in these regions (long and
ganged pixels).

o Test devices of single FE-chip size are also built for characterization.

bias grid with integrated dots

P-spray with high

P-stop uniform P-spray and low dose area
nt nt _n:ﬁn*_ - nt # nt -
n/p n/p n/p )
| | = |
High field regions High field regions (Jf:l .
beforeirr. : low E-field high E-field low E-field |
after irr. . high E-field low E-field low E-field _
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f NQ Profondita dellaregione di svuotamento per “strutture” irraggiate
The ATLAS Pixel collaboration has
been studyi ng since 1998 silicon Depletion vs Bias I n approximate agreement with expectations.
detectorsirradiated up tothe e e : 3
design value. 2240 & asihamnmi
Oxygenated silicon detectors 5. "I ®
irradiated up to a fluence of ST I
1.1x10'5 cm2 1 MeV _neutron 3 oo PR . o
equivalent are fully depleted at 600 o i
V (planned maximum operation voltage). = 1sof i% {v
The charge collection efficiency is 180L '
e 72+14 % if no annealingis L *
performed on the sensor 1401 : & [k otikiine
* 8714 % if acontrolled annealing 5 : H Y TetmENG R
is performed during the LHC 1207 ; Y TESLAD Minimum da ¥olmod -
shutdown periods (about 2 weeksat | | | il TEERIIS
room temperature) 200 300 400 500 600 700

Blag (V)

L ifetime of charge carriers
Isin the 4 nsrange.
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N Modul€e s brick:
rad-hard FE Electronics

e Thefront-electronics chip, FE-I, isbuilt in 0.25 um IBM
technology:

— First version, 11, tested in 2002.

— Improved version, 12, has been available since beginning
of 2003. Production version 13 has been delivered in
December 2003.

— Each chip reads out 2880 pixels, arranged in column pairs.

— Each pixel cell consists of afast preamplifier followed by
adiscriminator

« |t performs a sparse readout and store hitsin
EndOfColumn buffers, until the level 1 trigger latency is

expired.

 Threshold can be adjusted by a 7-bit tuning DAC in
each channel.

« 8-bit pulse height information is obtained by the i e M Tt s e
Time-over-Threshold technique. ToT uniformity is AL L UL

obtained by a 3-bit tuning DAC
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Pixel FE chip requirements:

Threshold of about 4Ke for full efficiency and threshold dispersion less than about
200e (after tuning).

Total ENC less than about 300e after irradiation

leakage current tolerance of up to 100nA

Operate with nominal capacitive load of 400fF, about 25% parasitic to
ground, and 75% to neighbors

Modest charge measurement resolution of 4-5 bits

Blanquart, FEE 2003 Mauro Citterio - 28 Ottobre 2004



PMOS input device

feedback 3-bit FDAC

2-stage based front-end (DC
coupled) 7-bit TDAC

: |[ Cf

5-bit ThDAC

» Differential threshold setting

The preamp DC feedback performs a constant current discharge of the feedback
capacitance and also deals with the sensor leakage current

Blanquart, FEE 2003
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== FE-| characteristics. Threshold

The unadjusted threshold of the
discriminators has a width of

600-900 e. % | — e —— —
Threshold can beadjusted by a & [ ’ iy TL!I"-IEI:I-h .
7-bit tuning DAC in each | oyl y
channel. 400 —-r--- ---j--!g—mg—:-—---gf--—----"—-
After adjusting threshold -

dispersion in 25-40 e before - Pl s amped
irradiation. i R UNTUHED

It has been measured to be about - g‘_ean = 255{1.98e;
80 e after 100 MRad dose. Y| ERS— oty Ul sz
With no tails! i i

Test beam datawith 2 module - S .
were taken without masked - ;
channel and NO random noise [

has been observed. [ il

o
a 14000 2000 IO 4000 S000 000

Threshold | e-

Lacorrezionedi soglia € quas piu’ importante del rumore!
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FE-I characteristics: Noise

6 Lm

4080 pm

Jade] [B)aUI ST Ul SUOT)D9UUOD
sped dungq

diya gno proaa £q
pataaoo jou spaxtd

* Noiseisapproximately:
— 150 efor standard pixels
— 170 efor long pixels (in the
inter-chip region)
— 270 efor ganged pixels (in the
inter-chip region)
e |tisof theorder of 250 e after
irradiation, the increase is due

—totheadditronatteakage

current.

Holte (o) WCAL scan intarnal
Module "Bn_Meod3Z*

15591 out of 46084 pixels with good it
ﬂ

Mok d it utien farg i

Constant 810.8
Mean 169.7
Sigma 16.32
104 EEt ] i) i) e £l L[ty
Wl HNaEs (&)
Holse clatiButon ganged |
Consiant 135 229 Constant 2208
Mean 269.1 ot Mean 173.8
Sigma iT.92 183 Slgma 17.47
14
129
10
L]
Lol
A
bl

Huise ¢]

- 3560

Adan w5
“Channe!” = rows 153" calume-+ 2860 chip
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IZM - PbSn

FE electronicsis connected to the sensor cells using
bump bonds.
Two techniques, from different manufacturers will be
used for production modules;

— In bumps by Alenia-Marconi Systems, Rome

— PbSn bumps by Fraunhofer-Institut fr
Zuverlassigkeit und Mikrointegration, Berlin
Bumping defects can be investigated by X-ray
inspections, or electrical tests, and now are very rare:
the production contract fixes argection ratio of 150
faulty bumps/modules (0.3%).
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L ayout of one channel of the Front end electronics

Auto-Tune
Preamp 7-bit TDAC, SEU 5 _
ecouplin
/ + Discr /SbltGDAC /Latches / Cap ping
[T R R s

=D CEFE | o o o I:r'—-r"E HaiX| B IT N ED N

_!u'c_ F"l'ln“n i

|| chip contiene~2.5M di transistori
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Module' s brick: the MCC

« TheModule Controller Chipis

built in the same technology as the
FE.

 Betweenthell and thel2 version
some updates were included to
Improve SEU resistance:

— dl critical registers are tripled and
use amajority decision logic;

— inthe FIFO's, where data are
stored, a bit-flip safe encoding is
used to unambiguously disentangle
hits (for which asmall corruption
rate is acceptable) from event
separators (whose loss would
cause DA Q misalignment)

o AtthePSirradiation facilities
MCC were run for the equivalent
100000 s at the B-layer, without
the need to reconfigure the chip.

No. of transistors:

Dimensions:

880 k
6840 x 5140 um?
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)

O FE electronics: principle

INF

1)

2)

3)

4)

o)

Beam interaction, particles crossthe
detector.

The preamplifier exceeds threshold:
BCO id is memorized in the pixel
cell, since this time depends on pulse
height there is atimewalk effect.

the current feedback brings back the
preamplifier signal below threshold:
the trailing edge BCO id is stored in
the pixel cell: this define the Time
over Threshold in units of the 40
MHz clock cycle.

The pixel communicatesit is ready
for readout and within few clock
cyclesthe hit data are stored in end
of column buffers.

After trigger latency is elapsed the
hit is either serialized for readout or
deleted.

Discriminator input

> §+timaNaIk

niesholdJevel

<

ToT
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Cote FE electronics: principle

e 160 analog and digital o
® cellsper column i
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1)

2)

3)

4)

5)

Beam interaction, particles cross
the detector

The preamplifier exceeds
threshold: BCO id is memorized
in the pixel cdll

the current feedback brings back
the preamplifier signal below
threshold: the trailing edge BCO
Id is stored in the pixel cell: the
hit is ready.

within few clock cyclesthe hitis
stored in end of column buffer.

After trigger latency is elapsed
the hit iseither serialized for

readout or deleted. T
I

o 160 analog and digital
® cellsper column
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End of Column
logic

igger decision

Pixel ID
leading edge BCO id
trailing edge BCO id
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L’ elettronica di front-end deve:

- poter operare atempi di formatura dell’ordine delle decinedi ns
- essereresistente alle radiazioni

- consumar e poca potenza visto |’ altisssmo numer o di canali

- esserein grado di svolger e sia funzioni analogiche che digitali

- Lagrande maggioranza degli esperimenti s sta orientando verso |’ uso di
tecnologia CM OS a canale submicrometrico (IBM, TSMC) soprattuto quando
sono necessari molti canali di lettura

- Accurati modelli analogici dei dispositivi non sono sempre disponibili

= | circuiti integrati arrivano ad avere oltreil milionedi transistori erichiedono
pool di progettisti

- | softwaredi progettazione e di verifica sono compless e “time demanding”

- Labuonariuscita di un front-end dipende fortemente dal suo layout (per

minimizzar e effetti parassiti o indesider ati)
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—  Currents Induced by Electron Motion"
SIMON RAMOt, ASSOCIATE MEMBER, LR.E. ‘

Summary—A method is given for computing the instanianeous
current induced in neighboring conductors by a given specified motion
of electrons. The method is based on the repeated use of o “:‘fk
equaltion giving the current due to o single eleciron's movement ang is
believed to be simpler than methods previously described.

INTRODUCTION

N designing vacuum tubes in which electron
I[ transit-time is relatively long, it becomes neces-
sary to discard the low-frequency concept that
the instantaneous current taken by any electrode is
proportional to the number of electrons received by

O

O.

!
»= O oT-
O O O

A D
Fig.1 ) Fig. 2

it per second. Negative grids, it is known, may carry
current even though they collect no electrons and
current may be noted in the circuit of a collector
during the time the electron is still approaching the
collector. A proper concept of current to an electrode
must consider the instantaneous change of electro-
static flux lines which end on the electrode and the
methods given in the literature for computing in-
duced current due to electron flow are based on this
concept. )

A method of computing the induced current for a

specified electron .motion is here explained which is
believed to be more direct and simpler than methods
previously described. In the more difficult cases, in
which flux plots or other tedious field-determination
methods must be used, only one field plot is needed
by the present method while the usual methods re-
quire a large number.

* Decimal classification: R138. Original manuscript received
by the Institute, September 16, 1938,

t General Engineering Laboratory, General Electric Com-
pany, Schenectady, N. Y. .

584 : Proceedings of the I.R.E.

MEeTHOD OF COMPUTATION
The method is based on the following equation,
whose derivation is given later: :

i= E.v (1)

where 7 is the instantaneous current received by the
given electrode due to a single electron’s motion, e
is the charge on the electron, v is its instantaneous
velocity, and E, is the component in the direction v
of that electric field which would exist at .the elec-
tron's instantaneous position under the following
circumstances: electron removed, given electrode
raised to unit potential, all other conductors
grounded. The equation involves the usual assump-
tions that induced currents due to magnetic effects
are negligible and that the electrostatic field propa-
gates instantaneously. ' :

SIMPLE EXAMPLE
A simple example is offered in the computation of
the instantaneous current due to an electron’s motion
between two infinite plates (Fig. 1). (The result.is
a starting point for the analysis of a diode, for
example, when the transit-time is long.)
From (1) we obtain immediately

ev
i=eE, =—.
d

In the literature! it is stated that this same result
is deduced from image theory. This involves the
setting up of an infinite series of image charges on
each side of the plates for a given position of the
electron and a consideration of the total flux crossing
one of the planes due to the series of charges, a
method which is lengthy and requires no little
familiarity with methods of handling infinite series.

THE GENERAL CASE
Consider a number of electrodes, 4, B, C, D, in
the presence of a moving electron (Fig. 2) whose
path and instantaneous velocity are known. A tedi-
ous way to find the current induced in, say, electrode
' D. O. North, “Analysis of the effects of space char}ge on grid

impedance,” Proc. L.LR.E., vol. 24, pp. 108-158: ebruary,
(1936).

September, 1939
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A is to make a flux plot of the lines of force emanating
from the electron, when it is at some point of its path,
- and note the portion of the total lines which end on
A. By making a number of such plots it is possible
_to observe the change in the number of lines ending
on A as the electron moves, and consequently to
compute the induced current. The accuracy is de-
pendent upon the number of plots made.
> It is much simpler to use (1). One plot is made for
the case of A at unit potential, B, C, D grounded,
.and the electron removed, E; is then known and

-

i= E.er.

To minimize the induced current in a negative
grid, an important consideration in the design of
high-frequency amplifiers and oscillators, it may be
that (1) will prove helpful to the designer. The equa-
tion states that the electrode configuration should be
such as to vield minimum E,. If the electron’s path,
‘or example, is made to coincide with an equipo-

cential of the grid (not an equipotential in the field -

in which the electron is traveling, of course, but an
equipotential in that artificial field due to unit po-
tential on the grid, the electron removed, and all else
grounded) the induced current will be zero. It will not
be possible to realize this for the complete electronic
path, since the electron must start at some equipo-

““tential surface, but it may be possible to find prac-

tical configurations that will approach this condition
over a good share of the path.

DERIVATION OF EQUATION (1)

Consider the electron, of charge ¢, in the presence
of any riumber of grounded conductors, for one of
which, say 4, the induced current is desired. Sur-
round the electron with a tiny equipotential sphere.
Then if V is the potential of the electrostatic field,
in the region between conductors

vV =20

where V¢ is the Laplacian operator. Call V, the
potential of the tiny sphere and note that V=0on
the conductors and

(Gauss’ law)

sphere's surface

where 8 1//dn indicates differentiation with respect to
the outward normal to the surface and the integral
is taken over the surface of the sphere.

Now consider the same set of conductors with the
electron removed, conductor A raised to unit po-
tential, and the other conductors grounded. Call the
potential of the field in this case 1", so that v =0
in the space between conductors, including the point

Ramo: Currents Induced by Eiectron Motion _ 585

where the electron was situated before. Call the new
potential of this point V). e
Now Green's theorem? states that -

f [(v'erv — Ver']de

volume
between
boundaries -

=»I[V'Z—:~V%’]d:. @

Choose the volume to be that bounded by the
conductors and the tiny sphere. Then the left-hand
side is zero and the right-hand side may be divided
into three integrals: .

(1) Over the surfaces of all conductors except A.
This integral is zero since V=V"=0 on these
surfaces.

(2) Over the surface of A. This reduces to
—f(@V)/(an)ds,

surface A
for V'=1 and V=0 for conductor 4.

(3) Over the surface of the sphere. This becomes

awv av’
- V"f—-ds-*- V.J‘—(ﬂ’.
T T Y | R —

sphere’s surface  sphere’s surface

The second of these integrals is zero by Gauss’
law since [(3V")/(3In)ds is the negative of the charge
enclosed (which was zero for the second caseljin
which the electron was removed).

Finally, we obtain from (2)

av av
= —f—-——ds-—- V,'f—-d:
an an
surface A sphere's suriace

= 47Qq + 4meV )

or
QA =—¢V.
dQa av [BV.’ dx
:,;-——'—-—-:—g—-——::—‘ —_—
dt dt ax dt
where x is the direction of motion.
Now
d av.
—;- =9y and — = — E,,
di dx
50 : )
i = evE,. ()]

* 1. H. Jeans, “Electricity and Magnet:sm,” page 160, Cam-
bridge, London, England, (1927).
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