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ABSTRAcr 

We h ave used an ex i s ting d es i gn of an inexpe nsive 

mutual i ndu ctance bridge cir cu it to construct a 

h i g h Sens itivity A.C. Su sceptibilit y bridge. which 

uses i n t eg r a t e d ope rati ona l amplifiers. This b r idge 

c ircuit in c onjunction with a lock in amplifier ca n 

be u sed for measur e me nt of magn e tic sus c ept i b i lity o f 

ferro , f e rri, a nd paramag net ic sampl es . The circu it 

employs operational amplifiers both fo r balancing the 

br i dge and fo r detecti n g t h e d if f e ren i a l s i gnal from 

the sample co il . The s i mp l e d esign of the e nt i re sys tem 

and th e use of l ow cost compo ne nt s ar e th e spec ial 

features of thi s system . 

At present the se n s itivity of the b ri dge is approx imately , 

O.lmV , and f u rther improve ments ar e poss i ble. The e ff ec t 

of t e mperat ur e o n the electronic noise i n t he sys t e m 

was a l so dete rmined . We a l so f ind good agr eement between 

the known va lue of permeabi l ity of magnet ic steel and the 

va lue by u s , u s ing th is bridge circuit meas u r ed . 
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JNTRODU LTION 

A large number of AC mutual inductance br idge for 

magne t ic s u scepti bi. lity h a v e been reported in the ~orld­

vi z-a viz Maxwel l 1965 , Daybell 1967, Pa rks a nd Swve n son 

1967, Ande r son 1968, And erson et a l 19 70, Halpe rin e t al 

1981. All the systems ~se expen s i ve r atio tran s for me r s 

to minimise the nOlc e and inc r ease the sensit i v i ty o f 

the mutu a l induct a nc e bridge used in t h e ir sys t e m. Othe r 

d esig n s hav e bee n p re se nted ma mel y . Pundon and Kretschmar 1978, 

Brodbleck e t al 1978, Ran et a l. 197 8, Ge ntil e e t al 1981 , 

fo r mutu a l induct a nc e bridge s ha ving ope rat iona l ampl ifi e rs 

Althoug h these des ign s a r e s uc cessf u l in prov iding economic a l 

a nd versat ile a l t e r nat i ves to conventional ratio transformer 

de s ign , the i r sensitiv i ty i s limited by f inite gain and the 

inherent noise of the operat i. ona l a mp lifie r s. 

Th e bas ic form of the conve nti onal AC mutual induc ­

tance bridge was fi rst i ndrod uc e d by Hartshorn. Th e bas ic 

Ha rt s hor n bridge circu it i s shown in figure 3. 12. The 

measurin g coi l t yp ica lly i s pla c ed in the cryo s tate a nd 

con s i sts of two id e nti ca l secondari es and a coax ial primary. 

The seco ndari es are separated along t he axis of the prima r y , 

Th e secondarie s are separated a l ong the ax i s of the primary 

coil a nd a re connecte d i n o ppos ition . In prlnciple, the 

n e t vo l tage induc e d across the two second ar i es is zer o 

untll a pa ramogn e tic samp l e i s in se rted into one of th e m. 

The resulting ind uced e .m . f . may then be opposed by the 

voltage across the secondary of the mutual i nductance M 
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and the resistance R . At ba l ance , M i s proportional to 

t h e r ea l part of t h e suscepti bility o f th e sampl e and R 

is proportional t o th e power di ss i pat ion. For thermometry 

it is des irable to minimize the la t t e r which i s propor tional 

to 
2 

wH . Wh e re H is the amplit ud e o f th e magne ti c fi e l d 

a t the samp l e and w is it s frequ ency . 

A disadva ntage of Har t s horn bridge i s t hat it 

r e qu i r es a precise variable mu t ual inducta nc e wh ich is both 

expe nsive a nd limited range.' It is possibl e , howe ve r, to 

overcome this drawback b y simula ting a variable mutual 

inductance e l ectron icall y with an operational amplifier a nd 

fixed inductance. Th e Brodleck bridge incor porate d three 

basic modifications of the conventiona l Har t shorn br i dge. 

F ir st , a ground i s in se rt e d between the t wo secondarie s 

of the sample coil placing th em in paral l e l ra ther tha n in 

se ri es . Secondly, the s t a ndard inpu t -res i s tance ad ju s t-

ment of the diff e rential operational ampl i fier serves as 

a simple resistive balancing me c hani s m in th e seconda ry 

circuit. This eliminates the n eed for a comp l e x r e s i s tive 

balanc ing network which dir e ctly couples the secondary and 

pri ma r y c ircuits. Thirdly , a variable - ga in op- amp . r e pl aces 

th e vacuum r triod ' used in the ea rlier circuit s . Thi s modi-

fic ation substantially broadens the range over which t h e 

bridge c a n be balanced. 



BASIC HARTSHORN BRIDGE CIRCUI T 

SAMPL E 

,-----___ J __ - __ 

GENERATOR 

MEA SUR I N G 
CO IL 

M 

0 · 

R 

NU LL 
DETECTOR 

... 





3 

NATURAL MAGNET: 

In mos t o f the countries there exists a pec uliar 

kind of iron o r e which has a wonderf ul power of at trac­

ting ir o n. Thi s natural magnet was known in th e r emote s t 

times, being regarded as an object of curiorit y by the 

people o f man y nations. Homer, Thales, Pythagoras a nd 

Cicero all mention its attractive power. The or e is 

called the 'loadstone' from the Saxon Word Laeden and 

its power was named magnetism by the Greeks , from magnesia , 

a d istric in Macedonia, where loadstone was clearly found. 

Even in olden times it was known that if a p iece 

of load stone is s uspended so that i t sav ings freely it 

always t urn to the north. Magnetic effects appear to be 

conce nt ra ted in certain r e gion o f magnetics only . Th e 

c e ntres of the se region s are cal l ed t he poles of the 

ma gnet. Magnetic poles are of two kinds , namel y north 

and south poles. Like poles re pe l each oth e r while 

unlike poles attract each other. The lines of magne tic 

field come out of north po l e and e nd on south pole. The 

direction of mag netic field can be defined as the 

direction of the forc e with which the field acts a north 

magnetic pole. 
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El e ct r o - magnet: 

In 1820 Oerste d first discovered that a current 

in a wire can also produce magnetic effects , namely, 

iron flings to cling to the wire while the current is 

flowing, but drop off when the cu r rent is stopped, 

fu r th e r, it can change orientation of a campass needle. 

Th e magnetic effect of a curre n t in a wire can be intensified 

b y placing an iron core in it. This sort of mag net is 

known as Electromagnet. 

Intensity of magnetization: The intensity of rnagnitisation 

is d e fined as magnetic moment per uni t volume. 

Magnetic flux: Number of lines of force lin ked with certain 

ma terial is called flux. Flux density or magnetic induction B 

Magnetic line~ of force falling on a unit area i s known as 

flu x density. 

Permeability(u ) : It is the conducting power of the material 

fo r magnetic line s of forc e a compared with air. Mathemati-

cally per meabi lity is the ratio 6f the magnetic induction 

in the material to the magnetizing force . 

B 
u = H 

Magnetising force H: The magnetising force(H) inside a 

material is defined as the force on a unit north po le placed 

a t the centre . of a l ong and a narrow tunnel drawn in the 

direc t ion of magnetizat ion. 
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MACNETI C SUSCEPTIBILITY AND PERMEABILITY 

Ne arl y a ll substances can b e classified i n t o two 

g eneral group as regards their magne tic properties. One 

group, comprisi ng the d iamag n etic and paramagne t ic mat e r ­

ia ls, is very weakly magnetic . It is linea r an d isot ropi c 

in be h aviour, so that M,H and B a re al l linear (i .e. pro­

portional). The other group, c o nsisting of t h e f erromag netic 

substances , is ver y st rongl y magnetic and i ts member and 

al l decided l y non-li near. 

In a large class of materi a l s there exists an 

approximately linear relationship betwee n M a nd H . I f the 

ma ter ial is isotropic as we ll as linear 

M = X H ( 1) 

Where the dimensionless scalar q uantity Xis calle d the 

magnetic susceptibility in a n alogy with th e electric 

susceptibility we me t in e lectrostatics. 

If X is positive, the material is called paramag­

netic and the magnetic induction i s strengtr d by the 

presence of magnetic material, since Mana rt are para llel 

pointing in the same direction. 

If K is n eg ative, the mater i a l is dimagnetic and 

the magnet ic induction is weakne d b y t he pr ese nc e of the 

mat e rial, since M a nd Hare a n t iparallel. The valu e of X 
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is quite smal l for paramagnetic as well as for diamagnetic 

matetials. The value of X is very high for ferromagnetic 

materials a nd is a function of temperature. Sometimes, it 

varies quite drastically with temperature, transforming the 

ferromagnet ic beha viour into a paramag netic behaviour of the 

specimen , (Cur i e I slaw M = C!! 
T 

C or X = - ) 
T 

By combining the followi ng equation 

M = X H 

B = 110 H + 110 M 

B 110 H + ].10 XH 

B ].1 (l+X)H 0 

or B = ].1H 

where ].1 = ].10 ( l+ X) 

( 2 ) ) 

( 3 ) 

( 4 ) 

is the magnetic permeability of the material. In free 

space e q. (3) reduces to the vacuum equation i.e. 

B = u H 
o 

since X is zero in vacuum. The 

linear rela tion between Band H predic ted by eq. ( 3 ) implies 

that Band H are parallel. For an isotropic mate rials B 

and H are not parallel. In permanent magne ts B,H and M 

may all point in different directions. 
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By a nalogy with the dielectric constant ( rela tive 

. . 1) L permltlve y K = LO .in electrostatics we define a dimen~ 

sionless quantity 

K 
m 

= L = l+ X 
l10 

(5 ) 

This quantity is called the relative perme a b ility . Fr om 

above , we can write 

x = L - 1 = K ~l MKS 
l10 m 

( 6 ) 

X = 
)1-1 

Gau ssian 
l1TI 

I n g u ass ian un its K = lL 11 as )l 0 = 1 for f r e e spa c e i n 
m! l10 

this system of units. We may also classify magnetic mat e rials 

in terms of the magnetic permeability 

Thus 

)l<11 for diamagnetic 
o 

concla i ne in eq. ( 5). 

X i s negat ive 

l10 for paramag netic X i s positive 

11»11 for ferromag netic o X is posit i ve and l a rg e e nough. 

The eq . (1) and (4) with constant X and 11 donot apply to 

ferromag netic mate r ials, since they are non- linea r in 

behaviour . 
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THEORIES OF MAGN'ETISM DIAMAGNETISM 

All mat ter should have diamagnet'c properties. 

Atmos or mol cules whose atomic currents have zero resul-

tant magnetic dipole moments will not show any paramag-

netic or ferromagnetic effects that mark their diamagnetism 

The : diamagnetic _susceptibility - calculations by semi­

classical theory of atomic structure gives the s usceptibility 

as p roportional t o th e average moment of inertia of the 

electrons in the atom or mo l ec ules . The mod e rn quantum theory 

gives the same formula, but the calculation of momen ts of 

inertia is difficult. One important r es ult of the theory 

i s that diamagnetism is not associated with ther mal agi­

ta tion and is most substance. There is a temperat u re depen­

d~nce in ce rta in exceptional cases that may be due to a 

tempe at ur effect o n the electron orbits. 

PARAMACNETISM 

Paramagnetism occurs not for substances whose atoms 

and molecules each have a resultant magnetic moment, but 

also tor conductors, si nce th e spins of the conduction 

e l ectrons can also be rotate"d by a n ex ternal field. Resul­

tant ma g netic mome nt s of molecules may arise because the 

orbital motion s or s pins of the outer electrons are not 

completely arranged in equal and opposite pairs. The complete 

i nn e r shel l s of atoms always have ~ va ni shing resultan t 

magnetic mome nt. It i s only incomp l e te shells that can 

contrihute to paramagnetism. 
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The simpiest theory of pa ramagnetism assumes that 

eac h atom with a resultant mome n t will tend to turn 1n a 

precess i onal fashion toward the direction of a n applied 

field and that thermal agitation would " tend to oppose the 

lining up tendency. The resul t is that to a good approxi -

mation, the s usceptibility should behave l ike t e mperature 

dependent part of the electric susceptibility. That is 

2 nm u 
X 

0 
MKS = 3kT 

' \ (1 ) 
' 2 nm Gaussian = 

3kT 

X = CIT 

whe r e n is th e numbe r o f mol e cules or atoms per unit volume 

a nd m i s the perma nent magneti c moment of each molecule or 

ato m. The paramagnetism of t he conduction elec tro~s of 

metals is temperature independen t, because of the location 

of most electrons in the filled l e vels of t he conduction 

bands that are not af fected by temperature. 

FERROMA(NETISM 

To have a vivid picture of ferromagnetism, it 

is of necess ity to introduce the concept of molecular field, 

The magnetic field which is ef fe ctive in its interactions 

with atomi c currents i n an atom or molecule i s c a lled the 

mole c ulecular field or local field B = u H 
m o m The molecular 
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field H is the magnetic field a t a molecula r position 
m 

in the mater ial . It is produced by all ex t er nal sources 

and by all molecular dipoles in the mate r ial with the 

exception of the one molecule or atom a t t he poin t under 

consideration. To calculate the molec ular field, we t ke 

a material objec t of ' a rbitrary shape , un i forml y magnetised 

with mag net isat i on M. Let u s make a spherical cavity inside 
, 

this ma te ria l object. The molecular field ins ' de t hi s 

c avity is given by , 

= H + H s 
+ H I ( 2 ) 

where H is the macroscopic magnetic intensity in t he 

specimen, H is the contribution from the surface po l e s 

density 0 ' on the cavity surface and H I is the contri­
m 

bution of the various dipole~ i n side the cavity . Now 

H = 0 for a large class of materials a nd H is seen to be s 

H H + 1 
M (3) 0 = 3' m 

a nd B = )10 H m m 

Th i s equation g ives ~ the molecular field in t erms of tn e 

macroscop ic magnetic intensity and t h e magnet i sation on 

the sample. 

the :' term 1:. M 
3 

I 
For most diama g netic and paramagnetic materials 

_ 1 ° - 3' Xm ' H is neg ligibl y small , bu t for ferro-

magnetic materials the correction is quite important. with 

the introduction of molecular field, the Eq . ( is 
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equivalent to (since M = X H) 
m 

2 nm u 
M 

0 H 
3kT m MK ( 4) 

and reduces t o 
2 nm u 

M = . 0 H 31<1' MKS ( 5 ) 

for paramag netic mat e r i als. Th i s i s th e cas e o f we a k 

local interaction. 

In fer romagne tic mat e rial s t h~ a t om i c (or molecular ) 

magnet i c moments are very nearl y a li gned eve n in the abse nce 

of an applied f i e ld. The ca us e of thi s a lignme n t is the 

mo l ecular f i e ld Hm defined by Eq .. ( ) a nd does not va ni sh 

even if H = 0 unless M vanishes simultaneous l y. Co n sequent l y , 

M 
for ferromagnetic materials we repl ace 3 by a l arger express ion 

M in Eq. ( 

M = 

So l v ing for M we 

M = 

wh e r e 

0 

= 

and the expreis i on 

2 
nm u (H+ YM ) 

o 
· 3kT 

get 

2 u H nm 
0 

3k (T -O ) 

2 nm u 
0 

3k (T-O ) 

2 4nm Y 
3k 

) r educe s to 

MKS (6 ) 

MKS (7 ) 

MKS (8 ) 

Gaussian 

It follow s that for T»8 , the suscep tibility behaves in 
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the usual paramagnetic way, with y playing no s ig nif ica nt 

role. On the other hand, if T»8 , t here will be a ,large 

va lu e of M eve n fo r a small H a nd fo r T <8 , the f ormula 

gives physically mea ningless results, indicating that the 

interactio n has become so strong tha t M ca n s ustain itse l f 

withou t any applied field H and the assumptions underlying 

Eq. ( r e ma in no longe r valid. 

It i s 1n fact true that many substances are para-

magnetic above a c e rtai n tempera tur e and follow Eq. (5) 

fairly wel l. Below the temperature 0 , called the 'cruite 

t e mperature ' these substance bec ome ferromagnetic. The 

theory we have j us t given is the Wei ss theory of f e rromag-

net i s m, f irst announced in 1907. CUrie temperat ur es o f 

iron a lloys are of the order of 700 or 800 0 K. 

m m = 
B 

-20 
10 erg/gauss, nmB 4n 

f o r satu r ation and 

k = 1.38 -6 x 10 e rg /degre e , the val ue of y in gau ss ian 

units i s found to be 

3k 
2 4nnm 

e= 3k 8 = 4 1 2 . 
,4n nmB 

= 4.1 x 800 = 3300 (approx) 

showing the e normo us inte~action st r engths we must a ss ume 

to expla in ferromagnetism. The term f erromagne ti sm was 

co ined or i gina l l y to de s cribed the forrit-type ferromagnetic 
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sp in order and by exte nsion the t erm covers almost a n y 

compou nd in wh i ch some ion s have a mount anti para lle l 

to other ions. Many ferromagnetics are poor conditions 

of e lectricity, a quality expol ited in device appl icat ions. 

A ferromagnetic has a spontaneou s magnetic momen t 

a ma g ne ti c moment even in zero applied magnetic fi e ld. 

A spontaneo us mome nt suggests that electron sp ins and 

ma gne tic moments are a rr anged in a r eg ular manner . The 

or der ne e d not be simp l e al l of the s pin arrang e ment s sketch 

in fig. 2 Th e susc ptibility of a f e rr omagnete above the 

curi e temperat ur e ha s the form. 

X = C 
(T-T ) 

c 

in the mean fie ld approximation . 

(Curic - We iss laws ) 

The elementary excitation s i n a ferromagn e tic are 

magnon s . Th e ir dispersion relation for Ka « l has the 

form h w= jK 2a 2 ln zero e x ternal magnetic field. The 

thermal exc itation of mag no n s leads a t low temperatures to 

a heat capac ity and to a fract i ona l magneti za tion change 

both propor tional to T3/2. The origin of the inte rnal fie l d 

in ferromagnetic materials was due to the exchange i nter-

action t hat lined up neighboring spi n moments in the 

soli d . In some salts of the tran s iti on metals that 

conta in ferrom ag netic elements and that crystallize in a 

c e rtain s t ruct ur e called t he spinel structure, the spacing 
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ORDERED ARRAI\JGEME"J TS OF ELECTRON SPDJS 

SAM PLE PERROMAG~ET SAMPLE 

CA"J'rED 
A~ T I FERROMEGN ET 

A"JTIFERROMEGi\,J ET 

HFLlCAL SPl\J 
ARRA Y 

1 1 1 1 

FERI~ IMAGNET 

F.2 
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o f th e atoms IS s uch that the ex c hange i nteract ion IS 

negative. Below a cr i tical temperature , called the nee l 

temperature TN ' thi.s can lead in s uch struc t u r es 0 anti­

parall e l al i gnmen t of e l ec tro n s pins in neighboring atoms . 

If th e two spin sys t ems are b a l anced , th e solid b0 longs 

to the antiferromagnetic class i . e. sa lt s of tr a nsit i o n 

eleme nt s and , if unba lanced , to th e fer rimagnet i c class l 

Figure shows the sp in a r rangements character i stic o f ferr -

oma g net i sm , ant i ferromagnetism , a nd fe rr imagneti sm , the 

t empe~at ure in each being be l ow the critical temperatur e 

for spi n d i s ord er ing. 

A typical a ntife rr oma g net i c so lid i s MnO . Fig ur e 

s how s the magnetic s uscepti bi li ty of MnO p l o tted as a 

funct i on of t e mpe r a tur e . The max i mum is character i s t i c of 

a ntifer romagnetic be hav ior . In ad d it i on , above th e temper­

a tur e of the maximum, r varies as C/(T+O). 



Type 

Diamagne tic 

Paramagnetic 

Antiferromagnetic 

Fer r omag ne ti c 

Fe rrimag netic 
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TABLE 

Magni tude o f 
suscept i b ility 

Small , n egat ive i nter ­
mediate, negative 

Large,ne g ative 

Small,positve 

Large,positive 

Small, posi t i ve 

Very large,positive ~ 

Very large,positive 

'rempera t ure 
depe ndence 

Independent var ies with 
field and temperature 
below 20 o K(not discussed 
in text) 

Examples 

Organi c materia ls, 
Light element, 
Alka li earth Bismuth 

Esists ohly below c riti~ Superconducti ng 
cal temperatures (see me tals 
Section ) 

Independent 

x = C 
T- O 

When T > TN; 

c 
X = T+O 

When T < 'TN 

X a T 

C 
T > T ; X --- T- O c 

T < T , 
c 

T < TN; 
C 

X = T±O 

T < TN 

Alkali metals 
Transition metals 

Rare earth 

Salts of transition 
e lement s 

Some transition a nd 
rare earth metal s 

Ferrite s 
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The D istribulio n of Electrons in Atoms and Soli ds 

Table The Electronic Structure of A toms 

ELE- NUMUER OF n .ECTIlONS ION IZA -

ATOMIC MENT K L M N TION ATOM IC MAGNETIC 
NUM- SY M- - ,------- --r- ----- ENEn C;Y , HA IH US, SlJSCE I' -
B Elt lJOL I s 2.1' 2p 3s 31' 3d 4.1' 4r 'lei tlj' cY A T IUl l.ITY 

--- - - - -- - - _ . . _- -_ .. - ,--
- ---. -- . __ . -- . - -- -- --.-- . 

I H I 13. 53 0. 53 - I .n x 10- 0 

2 Ill: '2' 24.'17 0 .30 - 0 .'17 
3 L i ..., 

1 ... 
4 

~ 
Be 2 2 

5.37 J .50 + 0. 50 

I) .2H 1.11) - 1.00 
5 B 2 2 1 ~ .25 O.HS -o.m 
6 C 2 2 2 11.20 0. 60 - OAI) 
7 N :2 2 3 1-1.4 7 D.5) - O.H 
H 0 2 2 4 1:1.55 OA5 + 10(' .2 
'J F :2 2 S l ~Uj O.3H 

10 Ne 2 2 
I--

() 2 1.47 0 .32 - 0 .33 
II Na 2 2 (i 1 
I :! T\tg 2 2 6 '2 

5. 12 1. 55 + 0 .5 1 

7.0 1 1.32 +0.55 
13 Al 2 :2 6 2 I 5.% 1.21 -1-0 .05 
14 Si 2 2 6 2 2 S.OU 1.06 - 0 .13 
15 P 2 2 6 2 3 11.11 0 .92 - 0 .<)0 
16 S 2 2 6 2 4 10.3 1 O.H2 - OA f) 
17 C I 2 2 6 2 5 12.% 0.75 - 0 .57 
18 A 2 2 6 2 7, I S. (,') 0 .67 - O.4 B 
19 K 2 2 6 2 (j --- 1 4.3 2 2.20 +0.52 
20 C .\ 2 2 6 2 6 - 2 G. ()<) 2 .03 +1.10 
2 1 Sc 2 2 6 2 6 1 2 6.7 1.80 
22 Ti 2 2 6 2 6 2 2 6.81 1. 66 + 1.25 
23 V 2 2 6 2 (~ 3 2 6.76 1:52 +1.4 
24 Cr 2 2 6 2 6 5 1 6.74 1.41 +3.08 

,25 Mn 2 2 6 2 (, 5 2 7.40 1.3 1 -1- I I. 8 
~6 Fe 2 2 6 " (, 6 2 -
27 Cl) :2 2 6 2 6 7 2 
28 Ni 2 2 6 2 ,S 8 2 
29 ell 2 2 6 2 6 10 I 

7.83 1.22 Ferromag. 
8.5 1.1-1 Ferromag. 
7.61 1.07 Fcrrornag. 

7 .68 1.03 -· 0.086 
30 ZII 2 2 6 ..., 6 10 

"'---
... 9.36 0 .97 - 0 .157 

31 Ga 2 2 6 2 6 10 2 I 5.97 J.I 3 - 0 .24 
32 Gc 2 2 6 2 6 10 ..., 2 8,W ' 1.06 - 0.12 
33 As 2 2 6 2 6 10 2 3 ]0.5 1.01 - (UI 
34 Se 2 2 6 2 6 10 2 .~ 9.70 0 .95 - o.n 
35 Dr 2 2 6 2 6 10 2 5 11.30 0 .90 -- 0 .39 
36 Kr 2 2 6 2 6 10 2 (;""" 13.94 0.86 - 0.35 

(N .B. T he magnetic susceptibility valucs in thi s table are in cgs units. To convcrl 
to mks unit s, mult ip ly th cgs va llie by 4rr .) 
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The Distribution of Electrons in Atoms 

Tab le (co ntinued) 
-

I'l.E- NUI\ I UEIt OF ELECTRO NS 10NI Z A -

AT.0 l1l1 C /IIENT N () P TION ATOM IC M AGNETIC 

NU~ I - S Y ~ I - ----- - -- --- - -- "NE llCiY. HAD / US, SUSCEI'-
DE ll DO L -h lip 4t1 .!jf 5s Sp 5t1 5g (is cY A T IIII LlTY 

--- ._- - -- -- -. -. - - -- .- '--r--- --- -.---
37 Rb '2 (j _ .. - .- I ._ . -- . . - 4. 16 +0.2 1 X 10 - 0 

38 Sr 2 () - _. - 2 - ' . - .. .. 5. 67 - 0 .20 
39 Y '2 6 I - 2 6.5 +5.3 
40 Zr 2 6 2 - 2 6.92 - 0 .45 
<-11 N b '2 (i .\ ._-- I 6.H + 1.5 
42 rv10 2 6 5 - 1 7.0 6 +0.04 
·13 Tc '2 (i G - I 7. 1 
44 Ru 2 G 7 -- I 7 .7 +0. 50 
4 5 Hh '2 G 8 - 1 
46 Pd 2 6 \0 - --

7. 7 -1- 1. 11 

B-1 +5.4 
47 A" b '2 (i 10 - I 7.54 - 0 .20 
4 8 Cd 2 (i 10 

,-- .. '2 H.% - 0 . 18 
4() I n . ) () 10 _ .. 2 I 5.7() - 0.11 
50 SII 2. (I 10 -- 0) '2 7.] 0 - 0.25 
51 Sb - () 10 --.- '2 :1 ~U'i - O,k 7 
52 Tt: --. () 10 _.-, '2 ' \ - H . ~() - 0 .1 1 
53 I 2 () !O -- 2 :; I ().'1 '\ - 0 .3G 
54 Xc 2 (i 10 .-

f--
2 (j 12. 0 H - 0.]4 

55 Cs '2 (j 10 _. '2 6 ]X7 - 0 .22 
56 lh 2 () 10 .-. 2 (, 2 5. 19 -1·0.9 
57 La '2 () 10 _. 2 6 1 2 5.59 + 1.04 
)~ Ct.! '2 6 10 '2 2 (i ._- 2 (i .5 4 + 15. 0 
-<) PI' "I (I 10 3 2 () --- 2 S.H +25 .0 
60 Nd '2 () 10 ..j '2 () -.. - 2 (d + 36.0 
61 Pm ::. 6 10 :; 2 () -- 2 .(d 
(, ::. Sm '"l (I 10 () '2 () .. . - ') G. () 
GJ ELI ." 6 10 7 '2 (i --- 2 5.G·l +22.0 
(i-l C d 2 (I 10 7 '2 (i I 
(») Tb ... () lil H '2 (I t -

'2 (1. 7 Ferru m ag . 
"I (J.7 

M ' i)y '2 6 10 ~ '2 () I 
07 lin 2 (I 10 10 2 (i I 

2 6.0 Ferrorn ag. 
2 

6 8 Er 2 6 10 II 2 6 I :2 
69 T ill 2 G 10 12 2 (, ( 2 
JO '1~ b 2 6 10 I J 2 6 .1 2 6 .2 
7 1 Lu 2 6 10 ~ 2 (i I 2 5.0 
n H f 2 6 (0 14 '2 6 2 2 5. 5 

(N.D. The magnetic suscepti bility va lues in this table are in cgs unit s. To conver t 
to mks un it s, multi ply the cgs value by 4.71. ) . 
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MUTU AL INDU C'l'AN CE 

If mag netic flux from one circuit threads the 

current pat h of a no th e r circuit, changi ng c urr e nt i n the 

tirst circuit influence s the current in the second cir-

cuit. The quantitative a spects of this mutual interact i on 

are bes t discussed in terms of a p u rely geometric quantity 

call e d the mutual inductance . The mutual inductance M 

gives the magnitude of the e.m.f. induced 1n one circuit 

in the other . The e .m. t . L2 induced in circuit 12 1 by a 

changing c urr ent 2 , in circuit Ii I . Wh e n the circuits do 

not move i s glven by 

( 1) 

The mutual induc t an c e between two circuits is the same, 

r ega rdless of which circu1t is con s ide red the inducing 

ag e nt a nd which circuit acted upon. Reversing the 

argume nt in eq. (1) we can write 

( 2) 

It can be shown that 

M12 = M21 = M(say) (3 ) 

The MKS unit of mutual inductance is henry simi lar to 

self inductance and i s name d after the American scie ntist 

Joseph He nry, who deve loped the i dea of induc ta nc e a lmost 

s imultaneously with Faraday. The mutual inductance of 
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circuit s is one he nry if the current changing at the 

rate of 1 amp/sec. in o ne circ uit induces an e .m.f. of 

o ne vo l ts in t he ot h e r. In the ~ight of e q. (3) we can 

write 

which y i e l ds 

M = 

di 
- M dt 

di / d t 

M(h e nri es) = 

= 

nume rical l y 

L:( volts ) 
di / dt (amp /s e c 

L: 
d i / dt vo lt s - s ec/amp 

9 
In ga u ss ian unit s one he nr y 1S equal to 10 emu. 

The mutual inductance M is the geometric parameter 

which describes the inductive of one circuit on the other-

Sim i lar to self-inductance we can calc ulate M from the 

re l at i on 

d <P 
M = di (4) 

Calculation of M between two coax i a l sol noids consider 

two identical sole noidal co il s e ach of l e ngth 1 and numbe r 

of turn Nl and N2 wound one upon the other on t he same core 

but perfectly in su lated from each oth e r . A curr e nt i l i n 
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the f ir st co i l produces a mag netic ind uction . 

a nd t he [ lux, lInking its CQch t urn i s 

(5 ) 

rrota l flux linking the Nl turns .in 

2 . 

¢ ll Nl ¢ l l 
\J o N 111 A 

= = 1 
( 6 ) 

Total flux linking the N2 turn s of the s e c ond coi l i s 

(7 ) 

From these fluxes it fol l ows th a t 

d¢l l 
2 

Ll 
\JoN l A 

= di l 1 
( 8 ) 

as be for e , and 

M21 
d¢2 1 

= di l 

M21 
\JoN IN 2A 

1 
(9 ) 

Rev e rsing the procedure an d con s ide ri ng a curr ent i2 In 

th e second coil g ives 

d¢22 
2 

\J N 2 A 
L2 

' 0 = d i l 
= 1-- (10) 

and d¢1 2 \J oN IN 2A 
M12 di 2 1 

(1 1 ) 
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thus ju s tifying our conviction that M12 = M21 

from e qs. 8 , 9 , 10 and 11 we can write 

or 

M (say ) 

(1 2 ) 

This relation represen ts a llmit that is imposed on the 

mutual inductance between tWQ circuits , v i z , it is always 

l ess than or equa l to the square root ot the product of · 

the self-inductance of the two circuits. In v i ew of this 

limit , a coupli ng coeff ici e nt K is often introduced and 

defined by 

M = K ~L2 (1 3 ) 

If K = 1 the n a ll t h e flux of one Clr uit links the other 

c ir c uit. I n add ition t o the induced e.m.f.s in each 

circuit induced e .~.f. due to its own c u rre nt will also 

be present 

and 
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BRIDGE: 

A bridge is an instr ume nt, or an intermediate means ~ 

in a measurement, system, that or all of a bridge circuit, 

and by means of which one or more of the e l ectrical cons ­

tants of a bridge circuit ma y be measured. The operation 

of a bridge c o nsi sts of the insert ion of a s uit ab l e e l ectro­

mo tive force and a suitable d e tecting devic e in branches 

that can be made conjugate and that do not includ e the 

bra nch whose con s tants are t6 be measured, followed by the 

ad ju s tment o f one or mor e of the branches until the res-­

ponse of the detecting device becomes ze ro or an a mount 

me as ur abl e by the detector for the p u rpose of i nterpolation. 

CAMPBE LL BRIDGE: 

A form of mutual -induc tance bridge, u se d for th e 

compar i so n of mutu a l inductances. It was desi gned by 

~mpbel1 in 1910. One of the mutual induc t ance s i s a 

~tandard for t h e calibration of the other. Two balances 

are r e quir e d : (1) with the detector at 1-1 (Fi g.3-1 ). 

( 2) with the de t ector ~t 2-2 (mai nta ining a ll bridg e 

e l ements constant except Ml a nd varying Ml for balance), 
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p 

Fiq.3.1 

CA j\llPBELL BR lOGE 

Fig • 3 • 2 CAR A CI T h\J CE BR lOGE 

. 3 .3 CAREY FOSTER BR I DGE Fi g.3.4 DAWE S-HOOVER BRID GE 
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CAPACITAN CE BALAN CE BR 10 GE : 

A bridge us e f u l for measuring an unknown impe dance 

Z wh en one point of th e bridg e must be grounded directly. x 

The bridg e i s firs t balanced with the a rms P and Q closed 

(Fig. 3.2) by mea n s of the var iable capac i tor C. 'l'he n P and 

Q are ope n ed , and the bridge r e balanced. P and Q are then 

again closed, and the balance checked . 

CAREY- FOSTER BR TO GE ,{H eydwe ille r) 

A for m o f the mutu a l impedance bridge , origi n a lly 

de sig n ed by Carey-Foster in 1 88 7, f or th e comparison of ;1 

mutual inductance by the ballistic me thod. It was modified 

for a-c u se in 1894 by Heydweiller. At balance 

M 

R 

= M (I + R ~ ) = CI R 4 (R 1 + R 2 ) 

The cir cu it is shown in figure 3.3 

DAWES -HOOVER BR 10 GE 

A bridge of the He av iside type, adapted for work 

o n high high-voltage cab l es at power di s tribut io n fr eq uen-

cies. Th e c ir cuit diagram of the bridge is shown ln 

Fig. 3 .4 . Rx and C a r e th e capacita nce a n d ser ies l oss 
'l?: 

r es i s tan ce of the cable. Rand C are the capacitance s s 

and se ri es loss o f a s tandard capac i tor . By s ubstituting 
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variou s values of var i able mutual inductors 21 a nd 2
2

, a 

ve ry wide range of power factor s ma y be meas ur ed, rang i ng 

from 0.1 % to 80%, wh i ch i s requir ed when t he insulation 

of the high voltage cables is s tudi e d a t h ig h tempe ratures 

or voltages beyond the ionization leve l . The balance 

condition s are 

R ~ M/R C • 
x n s' C = R C / R 

x n s m 

a nd th e power fact or , PF = wM/R . m 

HAY BRIDGE 

The Hay bridge , normally used for the measu rement 

of induc t ance in terms of capacitance, resi s t ance , and 

f r equency, is a four-arm a-c bridge, in which the arms 

adjacent to the unknown impeda n ce are no n- r eactive re s is-

tor in series with a r esis t or , shown in Fig . 3 .5 . Usually 

the br i dge is balanced by ad justme nt of the re~ istor , 

which is i n series with the capacitor, and of one of th e 

non-r e active ar ms . Th e bala nc e depends upon the fr equen c y. 

It d i ffe r s from the Maxwell br id ge in that in t h e arm 

oppos i te th e ind uctor , the capa citor is in se ri es with the 

resis t or . The balance equat i ons are 
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·--~6)r---

. 3 . 5 Hay bridge 

• 

6 Heavis i de -Campbe ll 
mutua l- inducta nce bridg e . . 

-----.-8---

F i g . 3 . 6A Frequency indepe nde nt 
Heav i s i de-Campbell mutual ­
i nd ucta n ce bridge/ 

-----.~~-------~ 

F i g . 3 .7 Heaviside mu t ual-ind ucta nce 
br i dge . 
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HEAVIS IDE - CAMPBELL BRIDGE 

A form o f the mutual- impedance bridge . It i s 

use d fo r the compar i son of se lf- a nd mutu a l induc t ance . 

At bala nc e , 

M 

I f L3 a n d L4 are known, M i s determin e d. S imilarly , 

i f M and L4 are known, L3 may be dete rmi ned. 

Another form of this bridge i s s hown in F ig.3.6, 

in which o ne of the inductive arms c ont a in s a separate 

ind uctor , which i s include d in the bridge ar m dur ing 

th e first of a pair of meas ur e men t s and i s short-c ircuited 

dur ing the second. The ba lance i s indepe nd e nt of th e 

frequency, and the balance eq uat ions are · given by 

R 
x L x 

= M-M ' ) 

HEAVISIDE MUWAL I NDU crAN CE BRIDGE 

A Heaviside mutual-induct a nc e bridge, norma lly 

used for the comparison of self a nd mutua l induc tances, 

i s a n a-c bridg e in wh i c h two adj ace nt arms c o ntai n se lf-

induct an ce , and one or bot h bf these hav e mutua l induc-

t ance to the s upp l y c i rcu i t , t he oth e r two arms be ing 

normally non-r eact ive r es i stors , as shown in figure 3 .7. 
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Th e balance is i ndepende nt of t h e f reque ncy. The 

balance e quat i o n s are 

Rl 
L - L (-- ) = - (M

3
-M

4
) 

3 4 R 2 

MAXWELL BR 10 GE 

The Maxwe ll bridge , no rmally used for the 

measur e ment of inductance (or c a paci t ance) i n te r ms 

of r esistance and capaci tance (or inductance) , is a 

four - ar m a -c b ridge char acter ized by hav ing i n o ne arm -

a n ind uc tor in ser i es with a r es i s t o r, and in the 

oppos ite a r m a capacitor in parallel with a resistor , 

t h e other two arms be i ng no rmall y non-r ea c ti ve r e s i stors as 

shown in f i gure 3.8. Th e ba l a nc e i s independent o f th e 

freq uency , a nd at balance the ratio of t he induc tance to 

the capacitance is eq ua l t o the product of the re s is t a nces 

o f e ither pa ir of o pposite a rm s . I t d i ffera fr o m th e 

Hay bridge in that i n the arm opposite the i nd uctor , the 

c apac itor i s s hunte d by th e resistor . The ba l ance 

equ a ti o n s ar e : 

MAXWELL INDU crAN CE BR IDGE 

The Maxwe ll inductance br i dge , no rma ll y used 

for th e compari son of se l f-ind uctances , i s a f ou r - arm 

a-c b ridge charac t er i zed by hav ing inductors in two 
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Fig . 3.8 Maxwe ll Bridge 

Fig.3.10 Maxwell Mutual Inductance 
brid ge . 

Fig.3 .9 Maxwe ll Inductance Bridge 

~--------,rv~---------. 

Fi g .3.11 Wie n Inductance Bridge 
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ad j acent arms a nd, u s u a l ly , nO ll -reac t ive r esistors in the 

other two arms , as s hown in figure 3 .9. The balance is 

independent of the freq uency, and the equat i o n s for ba l a nce 

are 

MAXWELL MUTUAL-INDU CI'AN CE BRIDGE 

The Maxwe ll mutual-induct a nce bridge, norma lly 

used for the measureme nt of mutua l induc ta nc e in terms 

of se l f-in duc t ance , i s an a-c bridge characterized by 

the presence of mutu a l inducta nce between the supply 

c i rcuit a nd that arm of the networ k which inc ludes o ne 

coil of the mutual inductor , the oth r three arms bei ng 

norma lly non-react ive resi stors , as shown in f i gure 3.10. 

Th e balance is independent of the f r equency, and the 

equ a tion s for ba l a nce are given by 

RIR 4 = R 2R 3' 

WIEN INDU crAN CE BR 1D GE 

R 
L =M (l+~ 

4 Rl 

Th e Wien inductan c e bridge, normally used for 

the measurement of inductance in terms of resistance and 

freq uency, is a fo ur-a rm a-c bridge c haracterized by 

having in two ad jacent arms inductors respectively in 

series and i n para ll e l with resistors, while the other 
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two arms are normall y non-reactive r es istors f i gure 3. 11 . 

The balance depends upon fr equ ncy, but from the balance 

conditions the induct a nc es of either o r bo th inductors 

can be computed from the r s istances of the four arms 

a nd the frequency. The balance equat ion s are: 

2 R2 
w L3L4=R4(RL+R3) - RIR3 R 

I 1 

HAR TSHORN BR ID GE 

The basic Hart sho rn bridge circuit lS s hown in 

fi gu re 3.12. The meas uring c o il typically is p laced in 

the cryostate an d c o n s i sts of two ide ntical secondar i es 

a nd a coax i al primary. The secondaries are separated 

a lon g th e axis of the pr ima r y . The secondaries are 

se parated a long the axis o f the primary coil and are 

connected in oppos ition. In principle, the net voltage 

induced across the two secondar i es is zero until a 

paramagnet ic sample is in se rted in to one of these . Th e 

. result ing induced e.m.f. ma y the n be opposed b y th e 

voltage across the s e condary of the mutual inductance M 

and the resistance R. At balance , M is proportional to 

the r eal part of the susceptibility of the sample and R 

is proportional to the power di ss i pat ion . For thermometry 

it i s desirable to minimize the la t t er which i s proportional 

to 2 
wE • Where H is the amplitude of the ma gne tic field 

at the sampl e and w is it s frequ ency . 
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BASIC HARTSHORN BRIDGE CIRCUI T 

SAMPL E 

r-------~ J ,------1 

GE NERATOR 

MEA SURING 
CO IL 

M 

0 · 

R 

NULL 
DETEC TOR 
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A disadvantag e of Hartshorn bridge i s t hat i t 

requires a prec i se variable mutua l indu stanc e which 

is bo th expensive and limited r ange . It i s possibl e , 

however, to o ve rcome this dr a w- ba ck b y s imulat ing a 

var i ab l e mutual inductance e l ectron ic a lly with an ope r ­

ational a mp lifier and fixed inducta n c e . 
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INTEGRATED AMPLIFIER: (Ope r a ti ona l Amplifier ) 

Amplif ie r is a v e r y important e lectronic c i rc ui t 

and in wi de l y u se d in va r ious electron ic inst ru.nents. So 

in s t ead of maki ng a mp li f i e r circuit s by di sc r ete com-

ponents , the whol of t he amplif i e r ciLc uit is int e gr a ted 

on a smal l c hi p o f sil i cone ~ n d e nc l o se d into a caps ul e . 

Pins ar e c onnec t ed t s ui ta b le p oi nt s GE th e a mpli f i er as 

th e inpu t, o ut- p ut s te r minal s , grou nd t er minal, + V , -V cc cc 

p o ints e t c . Th ese pins pr o j e ct out ~i d e the capsu l as 

s ho~n in t he figure 4. 1 . 

All tha t we have t o d o i s to con nect the s igna l 

t be a mpli f ied a t the input pin , the gr c)\!!1d pi n i s conn-

e c ted to ground, +V -v are co nnect eo to t heir p ins, cc ' cc 

only on e or two ex t e rnal e l e ments a re connect~d and the 

out-put is a vailable at the out - put p in. Thu s cve rythlng 

h s been don e by th e m n ufac tur er wh o a l s o give s dll the 

characte ri st ic s of this amplifi e r. All that we hav e to 

do is to just plug in. The se ;'1 mp lifiers ar e be comi ng mor e 

popular eve y - day a nd at pr sent it has s o many appli -

cations th a t tr a n sistors ar being replaced by th e m. (Hence 

we w~l l l~ ar n about t he se ampli f i e l a nd perform a f e w 

ba s id e xpe riment s wi th them ) . Th e L~ s ic part of thi s 

amplifier is a dif ferentia l a mp l i fi e r who s e cir cu it is 

shown in figur 4. 2 . 
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4. 1 

~~4 

O.S N. I.I -V 

UA/LM 7LJ l e N 4.8 

o 

4 .3 
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It consi s ts of two e x a ct ly id e ntical tra n s i stor ' Q1 and 

Q2 ' emitters o f which ar e oupled tog e ther and connected 

to -v th roug h a re s istance RE . 
cc 

The base- e mitter jun-

ction i s forwarded be caLl- 0 the e mi t t e~ ' ('I) i s connected 

to - v 
cc 

Collector i s reverse bia se d by + V cc 

- v injects a c u rr nt IE into t he e rll j tt rs. He r e i s 
cc 

the e lectronic cur r e nt. 

v -- VE + VBE cc 

(-V ) - VBE 
IE 

cc = 
RE 

Th us V and RE form a co nst c nt curr e nt g e nerato r I n j e cting 
cc 

a consta nt curr e nt IE into the e mi t ters of the tWl t ra nsi s-

tor s . The base potential Vl 'V
2 

of t h e two transistors are 

equa l (to zero) th e n the current IE will be equally divided 

among t h e 

Ql and I 
c 2 

collector 

two transisto r.' . If I 
c l 

i s th thr ough " ) 
l. 2. then 

IE = I + I = } J 

1 c 2 
( . 

poten t ial of Ql is 9 i Vl~ n 

v c I RL = 'J c l 

i s the curr e nt through 

in this case I =1 = I 
c l c 2 

by 

c 



4 0 

Ie Ie 

A B 

VA - V/3 
= Yo 

8, 
p p 

v, 

4.2 
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colle ctor pote nti a l of Q2 i s give n by 

= Vee - I e RL = 
2 , 

In differential a mpli fiers the o ut-put is take n ac ross 

the col l e ctors of th e two tran s istors. 

Th u s wh e n base-potential s ar e equa l i. e . 

Vl 
= \/ 2 , the n the output is zer c) . 

Now l e t V
2 

b e ze fL) and V l to be increased from c: t o 

As ba se of Ql i s a t a higher potential than tha t o f Q
2 

so Ql will dra\! mo r e current. 

V. 

, 

As 

the total inj octed c ur r e nt IE r e mains consta n t , s o nat ura lly 

Ie will d ecr ea se by 
2 

Now V = 
o 

1 e 

= - 2 61..R , c-L 

Thu s a s ignal appl i ed a t the base of Ql' i s 0 mp lifi e d with 

a c h ange of sign . He nce Bl (ba se of Ql) i s knu wn invert ing 

t ermin a l or - termin a l b~cau s6 a s ignal applieJ a l this 

t er mi nal will be amplified wit-II a change of s ign o r wit h 

a phase shift of 180 0
• 
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Simila rl y it can be shown, that if Vl = a a nd 

the V 0 = + 2 61 c!L' Thus a signal applied 

at B2 i.e. ba s e of Q2 is amplified without any change of 

sign. So this termina l is known as non-inverting t e rminal 

or + t e rmi na l. 

I t should be n o t e d curr e nt flowing out of the 

i nput terminal s is th e base current which is very very 

s mal l and the res i s t ance s e e n by s i gn a l sources is nea r ly 

i nfini ty . 

The whol e amp li f i r i s symbolically represented by fig.4.3 

The ampl if i e r has a ve ry h igh gain 50,0 00 . Infinite i nput 

resistance and pract i call y zero out-put r esistance, Inte-

gra t ed Ampli f i er as a n inverting amplifier as shown in 

fig ure 4.4 

INVER TIN G AMPLIFIER 

It may be recalled that + a nd - terminals are 

actua lly the bases the trans istor a nd the resistance 

between two termin a ls is practically infinity, so no 

current pa sse s from + terminal to - terminal hence the 

potential s o f these two terminals will be the same. As 

the terminal i s at zero volts, so - terminal will also 

at zero volt s . 

current through Rl =Il = 
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ov c tt 

4.4 

o 

- - - \c 
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o- V 
current through R2 =I2 

a = 
R2 

Vl V V a A a = - = 
Rl R2 VI 

Thus the gain of the amplifier entir e l y depends upon the 

resi s tances Rl and R~ and it is independent of the interna l 

str ucture of the integrated amplifier. 

If we want an amplifier of ga in 10, then 

Rl = lK, and R2 = 10K are su itable res istance. 

Note that Vl and V2 are both a.c. voltages . 

As the initial d . c. out-put voltage is z _zero , so the output 

signal can swing from 0 to Vee. 

Th e se amplifiers amplify d.c. as well as a-c vol tages. 

So it i s very esseQtial that there is no d . c. voltage 

across the terminals of the amplifier. The gain of the 

amplifier is very larger . So if a smal l d.~. voltage 

exist s across the t wo terminals, it will b e ampl i fied and 

the d.c. voltage at th e o ut-put terminals will not be zero. 

Thi s is known as d.c. off-se t voltage. I t can be selected 

the d.c. off-set voltage wil l r educe the swing of a.c. 

sig nal at the out-put. Referring to the discussion of 

diff e rential amplif i e r, the inve rting(- ) and non- invarring (+) 

t e rminals of the ampli f i er a re actuall y ba se te r minals fr om 

which a s mall portion of the current injected at the emitter, 

flows o ut . In the circuit of the ampli f ier this curre nt 
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fl owing out o f - terminals sees a resistance Rl 11 R 2 , 

but th e curr e nt f lowing o ut of + terminal comes across 

no resis tanc e due to d. c. wh i ch a pote ntial is developed 

ac r oss the two input t erminals. Thi s gi ves rise to a 

large d.c. offset. This of fse t voltage can b e mi nimised 

by connecting a res istance R = Rl 11 R2 be tween the posi­

tive terminal of th e amp l if i e r and the ground. So the 

circuit o f non-inverting amplifier is as shown figure 4 . 6 . 

As the gai n of th e amplifier is 10, allowing 

an s wing of 10 volts at th e out-put, t h e max imum swing 

o f Vs will be 1 volt. 

Integrated ampl i fier as a non-inve rting amplifier: 

Pre vious a rg ume nt, the potenti al of the negative t erminal 

wi ll be VS. 

0 - Vs Vs 
11 = = -

Rl Rl 

and 
Vs - V 

12 
0 = 

R2 

-V Vs - V 
11 12 

S 0 = = 
Rl R2 

As 

or 

gain = A = 

The resistanc e to minimise the d.c. is s till conn e cted 

in series its positive terminal as s hown in fig ur e 4.7 
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R 

4 .7 

Vo 

Vs 
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If RS is the resistance of the generator VS ' ~o t he addi­

t i onal of resistance be, connected with positive ter mi nal 

is R - RS = R our case R = 600 ohms s · :. R = 400 ohms. 

The integrated ampli f ier is u 74 1 whose pin base connec-

t ions are shown in figure 4. 8. 



V. 
I 

V 
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v· I 

Rl 

't o 

R, R2 
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V : V.,R, 't R2 ) 
o I 

R1 

. 

Vo: 
R

Z 

~, 

..,. 

V Ij 

V. 
I 

R 
R 

V, R 

> 

V
2 

Vo 

L 
-

V 
=(Vr V2)tl) 

-. 

- RC ~ 
dt 
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ill CK IN AMPLIFIER 

Lock in a mplifi e r i s a synchronous detector. A d ec tor 

which responds o nly when the input signal i s s y nchronou s 

which the fr e quen c y of a control s ignal loca lly gener a t e d. 

Such de tector s are u sed as sma ll ~ ~ndic dtors in bridge 

circuit. 

Lock in Amp lif i r is a p e rcisi o n instrument crafted 

to pe r mit det a il analysis of signals b urr i ed in noise or 

other inter fer e n ce . The 10 k - in-ampJifl ~ r inop e r a tiqn 

comp~ises thr e e distinct se t i on. 

(1) The s ignal cha nn 1 

( 2 ) R.C. 

(3) PSD a l o ngwith Cl l t put it s output ci r cu itry. 

Th e signal he [ng me asur e d, c ombine d with any 

interference, is i'l 1n]I.Lifi e d by th e sig n a l ch ,'1nne l which has 

a variable ban ~ wid th capable of rejecting ;, La rge a mount 

of ' the inter re r ~ nce before s ubmitt i n g th e si q na l to the 

detector. 'rile r feren ce chann e l h Cls t h e two f o ld function 

of dr i viny the exper ime nt so th C'l t th e frequency () f its 

s i g ~ al output i s known, and s wi t c hing ,tbe Detecto ' Jt exactly 

t he s a me frequ e ncy but with a n adjust able phase . The refore, 

the Detector receive s both a s Lgnal with it s interf c r e ~ce 

and a frequ e ncy refere nce of k il l >wn p hase. From these two 

inputs~ the De t e ctor produces ~; Ull ' a nd differenc fr e quencies '. 
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Th e d i fference b e twee n t h e s i g n a l a nd the refere nce i s 

zero f r eque ncy or simp l y d.c., wit h an amplitude proportional 

compo n e n t of t he s i gn~l ot the se t ' p hase. All in t e r fere nc e 

an d noi se no t a t th 0 r efere n ce appear at th e Detector' s 

o ut p ut at fr e quellc i 8 s g r ea t er th a n ze ro. By se n d ing the 

t o t al De t ec t or :,) lltp u t through a l o w pass fi lte r , o n ly the d.c. 

i s prese n t 1.. 0 de t e c t t h e meter a cal i br a t ed omo unt. 
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INPUT SIGNA L TO M
ip 

FRO M SI~AL GP.\) ERATOR 

IN ruT AT 0 PER AT ION AI, AMPLIFIER Ai Pin 2 WH ":'\) R 1 
IS AT pt.i 
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I NPU T AT OPE ATIOI\lAL AMPLIF I ER Al pin 2 WI-l EN Rl IS AT FO I NT 

WAVE FORM ' AT II\IPUT OPEI'I\TIOI\lAL AMPLIF n:!{ A2 AT pin 2. 
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OUTPUT OF OPERATIONAL AM . FIER A '1\' pin 6 WITH "JOISE 

WAVE FORt-" . IN PUT OF 0 PER AT ION AL AMPLIFIER A
2

' AT pin 3. 
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OUTFUT OF OPERATIONAL AMPLIFIER 1\ '2 f:lt p in 6 WITH HIGH NOISE. 
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IN PUT SIG:'iI AL TO M
1p 

FROM LO CK IN AMPLIFIER MODEL NO. 12 6 . 

WAVEFORM AT Il\JRJT OPERATIONAL AMPLIFIER A2 AT pin 2. 
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INFUT OF OPERATIONAL AMPLI FIER Ai AT pi n 3 BY USIN G 

La,O< IN AM PL I F I-ER 

OUT'FU T OF 0 PER ATION AL AMPLIFIER AT Ai AT pin 6 . 

BY US IN G LO CK IN AM PL I F I ER 



o '1' PU T OF OPERAT I ON AL AMPL IF1ER A2 AT p i n 6 WITH LOW NOISE. 

W L T HOUT S AMPLE 

. OUTPUT O F O PERATIONAL AMPLIFI ER A2 AT pin 6 WITH LOW NOI S E 

WI T H SAMPLE (/' 
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MEASURING mIL 

A forme r of abenoite mater i al was c rafted acc-

o rding to the d i mens i on as s hown i n d i ag r am . F i rst of 

all se c o nda r y Sl .~as wound clockw i5e statical l y wi t h 

it s 
th e help of lath e rn~chine by keepin gLs p eed 5U rotat i ons/m i n. 

In this wa y 12 00 t urn wound in 2 4 mi n. o n the fo rmer. 

Similar l y t h e secondar y c o i l was wo und i n Anti clock wis e 

in the sa me ti me beca u se numbe r o f t ur ns were sa me . In order 

to win d p rimary co il o f'3 000 t u rns o n the bo th second ar i es 

Sgme 
whi ch we r e c ove r ed by two la ye r s o f pape r tape , t heLPro-

cedu r e was adopted . It took exac tl y 60, min. It a l so 

needed pa t ie nce, an d full concent r at i on to wind the co i l 

l ayer by la ye r a n d s i de by s i de . Th i s t e chn iq ue was 

emp l oyed d ue to unava i l ab ility of s ki l l ed perso n and proper 

mac hine . Th e wi ndi ngs a r e mad e with cop p e r wir e o f d i a me t e r 

O . l mm (# 3 6 coppe r wi r e ) on t h e forme r - M T he co il 

M2 and M3 (t urns 1 :1 ea c h ) co n t ai n 1 0 0 a nd 7 50 t ur ns res­

pec ti ve l y a n d ma d e u se of t h e same s ize and same d i a mete r 

spee d as Ml . Th e c oil s Ml , M2 a nd M3 we r e no t worne d 

astica l l y . 
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26mm 

-

...--1..- - - -- - .:-.. 

37,. 5 rem 

1te m 

37· 5 mm 

~ 
_J.-. ___ _ 

Di m nsi6n of measu ri ng coi l former 
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PRIMARY ·· 
COl L P 
3000 

SECON DARY 
C 0 [ L 5 (a) 
1200 1 

SECONDRY ) 
COIL 5 ( c 
IlOO ? 
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DESIQ\1 AND CDNS TRU crION OF A HIGH SENSITIVITY A. C. 
SUSCEPTIBILITY BR l DGE 

A schema tic di agram of Brodbec~ A. C. bridge circuit 

is shown i n fig. The primary circu it is coupled vi a 

the tran s f o rmers T(l:l) to an audio - frequency oscillator S. 

Th e sample is placed in o ne a rm of the mutual inductor Ml 

I 
whos e second ary is centertapped to ground. The mu t ual 

inductor M2 is a coarse compe nsating inductance connected 

in series with Ml t o allow ve ry large inductances to be 

measured. 

The input signal fbr the op-amp Alis a portion 6f 

the primar y circuit vo l tage determi ned by the potential 

divider R l . The output of Al is linked to the secondar~ 

circuit via the fix e d mutual inductor M
3

. He nce, by var y ing 

Rl the e.m.f. induced in the secondary circuit can be 

varied to produced a n induetive balance in their circuit 

for different samples in Mi. The polarity of the emf induced 

by M3 in the second ary circuit is veve rsibly by means of 

switc h P. 

Al i s opera ted as a noninver tingamplifier i.e. the 

input s ignal is applied betwee n the non-inverting input 

and ground. In th is conf~guration Al has a very high input 

impedance (a bout 10M o hms) . Thus preventing current drain 

from the primary circuit. Gain control for Al is provided 
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by the v ar i abl negative feedback resistance R2' By 

restricting R2 to a n upper l i mit of 25 K o hm s , nois e 

regeneration in Al is kept to a minimum, A blocking 

capacitor at the output of Al mi n imi zes dc drift , 

The dif fere nt ia l op-amp A2 performs the function 

of s ubt racting the s ignal from the sampl e hal f of the 

secondary circuit from that of the c ompensat ing half 

containing M2 and M3' Be caus e of the secondary windings 

of M2 and M3 , the resistive eleme nts of the two halves 

of the s e condary circuit are normally s lightly mis-matched, 

However, the e ffect of this mismatch can be made negligibly 

small at A2 by b a lancing the input resistance and gain of 

A2' The conditions for a balance d input resistance and 

balance d g a in of A2 are given by 

R a 
2 

= R. / (R. + R f ) 
1 1 

whe re Ra a nd Rb are th e uppe r and lower portions of the 

pot.e nti a l divider R3 r E's p (' t ~ t- i. ve ly, Ri and R f are the 

inverting input and feedbac' l n sistances of · A2 respective ly. 

For limited gain of t~n and an in !e rting input r es istance 

R. of 4. 7KQ , the balance conditi o n s ~ re satisfied for 
1 

R~ = 0.43 K ohms and Rb = 4.7K ohms. Hl' '1 ce , by i nserting 

a potential n d ivider spanning lK ohms d t k , a l ar ge range 
'-~ 

of res i s t i ve losses in the seconda r y can b ,~ Ii " J 1 ti f ied at 

th e input o f A
2

. In opera :tion, the adjustnl~ n t of R3 
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producing a resistive balance i s made i n i tially with no 

s ample in the circuit , and kep t fix ed thereafte r for the 

suc eptibility meas ur e me nt s. 

Th e potential div ider R l i s a preci s ion t e n ­

tur n pote n i o me ter t hat should be e quipped with a 1000 

count di g i t a l dial. Thi s allows three placd a cceracy in 

the inductive balance adjustme nt . Th e variable portion of 

R3 is a precision ten- turn pote nteome ter that can be locked 

at the co rrect setti ng for a re s i st ive balance. 

In order to c a libr a te t he system , the res i s tance 

R2 gov e rning th e g a in of Al is se t at a contant value 

with no sample in the circuit and t he bridge is balanced 

by a dju stment of R l and R3 produc i ng a minimum in the 

output of A
2

. 

Data i s col l e cted at Rl = 900 ohms a n d 

R = 360 ohms. 
3 



T 

f] 
'" \.0 

M, 

SAMPLE 

S 

® 

[] 

R, 
.;: '· 1 '~ 
._'f.,.-J . .,'!. 

A . C. BR lOGE CIR CUlT 

100 

tvl 3 

25 K "R 2 

R3 

L -t5V 1 K 

1 K 0 C OFFSET 

Rf 

Rj t.7K 

~ 6 I ,. NULL 
DETE :TOR 

- t 5V 

Ra\t~ 
RJ -

O. C . OFFSET 

1 

Ml Measuring c oil: opposi tl y wound 
secon dary inside primary. 

T = Transfo r mer . Turn ratio 1 : 1 

3·7K M2 ,M3= Mutual Inductances 

A1 ,A
2
= Operationql Amplifier 
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A vi e w of appa ra t us arrangement 

1. teft to right lock i n amplifier 

2 . S ignal gene rator 

3 . Power supply 

4. Liquid Nit r ogen FJ .3k 

5. Avometer 

6. Oscillos cope 

7 . A.C. Bridge circuit 
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BRIDGE COILS 

Fixed mu t ual inductance coils (a statically wound) 

Turns primary (# 32 copper wire) ·· M . . ' 2p 
100 

Turns - secondar y ( # 32 copper wir e) M2s 
= 100 

Turn s primary (# 32 copper wi re ) M3p 
= 7 50 

Turns - Seco ndary ( # 32 copper wire ) M3s = 7 50 

MEASUR IN G ill IL 

Turns - primary. ( #36 copper wire) M = 3000 lp 

Tu rns - secondary(# 36 copper wir e) 
an ti clockwire ) 

Turns - secondary ( # 36 c opper wire) 
(clockwire) 

Mag netic f~eld i n pr imary Mlp = 2 . 829 4 Ocr s ted 

Resistance of primary = 0.2857 x 10 3 ohms 

Capaci t ance of primary 

Resistance of se c ondary M = 95.8 o hm s 1 s l 

Resistance of secondary Mls2 =100. 43 ohms 

CALaJLAT ION OF AREA OF CO I L M
lp 

No. of tu rns of 

Length of M
lp 

= No. of turns/ of . cm 

M
l p 

Mlp 

Mlp 

N = lp 

= 3000 

= 7 .50 e m 

3000 = 
7 .5 

400 /cm 
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No . of turns in 1 mm 40 0 

No . o f t urn s i n O. lmm = 4 

Di ame t e r of wi re = O. lmm 

gap be twee n Ml p a nd Ml s 
= o • 3 mm 

I . Gap be t we e n Ml p and Ml 
o f s 

o n both s ide = 0.6mm 

Thickness of \t\1a l t i f orme r = 2mm 

I I. Diam t e r of the hole info rme r = 1 0 mm 

111. 

IV . 

V. 

Thickness of two walls of fo rme r = 4 mm 

Thickn ess of Mls on both sides = 0.64mm 

Thickne s s of M1p on both s ides = 0 . 8 mm 

di a me t e r of Ml p coil = I + II + III + I V + V 

= 0.6+10 + 4+0 . 64+0 . 8 

= 16 . 04 mm 

= 1.04 cm 

ri = radius of M1p coil = 1.604/2 = 0.802 cm 

Alp area of M1p coil = 22/7 x (0.802) 2 = 2.021 

CALaJLATION OF AREA OF COIL M = M 
ls 2s 

No . of tur n s of Mls = 15 00 

length of M1 s = 3 . 75 cm, = 37.5 mm 

No . of t u rns / mm of M1s = 1200 
37. 5 

N1s = No. of turns/ cm of M1s = 320 
I) 

No. of turns in 0 . 1mm of Mi s = 3.2 

2 cm 
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1. Thickne s s of Ml s = 0. 32 mm 

I I . Thickness of Mls on both s ides = 0.64 mm 

III. Diameter of hol e in former = 10 mm 

IV. Thic kness of walls of form e r on both sides = 4mm 

Diameter of Ml s coil = I + II+II I +IV = 0.32+0.64+10+4 = 

= 

Radius of M1s coil 

r 2 

Area of Mls coil = A1s = 2 22 r 2 = --x 7 

CALOJLATION OF i 
p 

V = 

i. lp 

i. lp 

Calculat i o n of H1 

l v 

= 

= 

V/ R . lp 

3.5 x 

2 = l . 758 ern . 

1 = 
0.2857x10 3 

10 - 3 a mp 

14.96 mm 

1. 496/2 

0.74 8 cm 

(0.748)2 

= N1 p x iip x Alp 

1 = 400 x 3 x 2.021 
O.2857xl O 

= 400 x 3. 5 x 2. 021 x 10- 3 

= 2829.4 x 1(, - 3 

Hl = 2.8294 (0 er s t e d) 

= 1.496cm 
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Calculation of e.m . f . 

and 

E.dl --= 
A 

r 

E = 

E = 

1 d 
C dt 

u/C 

1 dB 
c dt 

j' E.dl = E(volts ) 

dH 
dt 

1 dB 
E = - c dt x Als 

E 1 d (B S .y, wt) = x dt 3xl0 10 o 1 

E 
1 

H / = u w cos 
3xl0 10 0 

1 E 
3xl0 10 x 100 x / . 8294 

= 65.1 x 10 - 5 vo lts 

- 0. 6 5 mV -

x Al s 

wt x AL , 

.~ 

x 39.4 x 10 ~ x l x 1 . 758 
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SAMPLE MAGNErrICSTEEI~ 

OF SENSI- SIGNAL CHAN- TIt-1E RE • PHASE FUNC. I...JETER VRMS DIFF. 
ROOM 

NEL CONT. CHANL. s/w.s TEMP. . 
TIVITY P.S.D READ-

COl:] 
). 

[mV1 L.H [H z ) 11. F" [ I<H z [mSec.] ( KHZ] (Deg .J ING (mV) (m\'] 

2 100 1. 3 0 1 9 O· S X ' 0. 42 0.84 29 
0.12 

2 10 0 1 3 0 1 90 W .S X 1 0.48 0.96 2 9 
- - -- - . 

a 100 1 3 0 2 ') 0 S )( 1 0.5 0 1. 0 0 2 9 
0.2 B 

2 100 1 3 0 a ') 0 ~I • S X 1 0.64 1. 2 B 2 9 

2 100 1 3 0 3 9 0 S X 1 0.21 o . 4. 2 2 9 - , 

0.4. b 
2 100 1 30 :3 Cj 0 N • S X 1 0.44. 0.8 a 2 9 

2 100 1 30 3 . 4 - , 
<) 0 S X 1 0.1 1 0.22 29 

0 .46 
2 1 00 30 3 • 4 I} 0 N • S X 1 0 . 3 4 0 .6 8 2 I} 

-
2 100 1 30 J . 5 90 S >t 1 0.1 0.20 2 9 

0. 4 0 
.2 100 1 30 3 • => 90 U • S X 1 0 .3 0 . 60 2 I) 

2 100 .l 30 3 . 6 90 S )( 1 0 . 08 0.16 2 ') 
0.3 B 

a 100 1 3 0 3 . 6 9 0 N • S X 1 0.2 1 O . S 4 a ') 
2 1 0 1 30 3 . 7 90 S >: 1" ' 0.06 0.12 a I} 

0.36 a '100 1 30 3 • 7 '0 W • S )1 1 fL 24 0." 8 2 , 

a 1 0 0 1 3 0 3 . 8 90 I' )1 l 0.05 0 .1 0 2 I) " 

0.36 
2 tte I 30 3 .8 (1) II , S ): 1 0.2 3 0.4 () .2 9 

_ . .L 
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SA~IPLF~ MAGNETICSTEEL 
COI LS COOLED TO LIQUIb N TEMP. 

NSI- SIGNAL CHAN- TIt"lE REF. . IPHASE FUNC. I>'ETER VRMS S/~~.S VITY NEL C NT. CHANL. P.S.D READ-
ftVl L .H ( Hz ] H : rtKHzl (m se Q.] (KH Z ) lDeg . J I NG [III V ) 

2' 10 0 1 3 0 .1 I) O· S )( 1 0.15 O. J 0 

2 100 1 3 0 1 90 H. . )( 1 0.35 0. 7 0 

2 100 1 3 0 1 • 1 CJ O s X 1 0.74 1. " S 

2 100 1 3 0 1 • 7 43 0 ., • S )( 1 0.9 8 1. 9 , 

a 100 1 30 3 90 S )( 1 0 . 3«) 0.18 

2 100 1 30 3 90 If • S X 1 0 . 42 0 . 8 4 

2 10., 1 :1 0 3 • 4 CJ 0 S )( 1 0.26 0. 52 

a 100 1 30 ~.4 4) 0 M. S X 1 0 .32 0.64 
, . 

2 100 1 3 0 3 • :; «; 0 $ X 1 0.23 0.4 " 

a 100 1 J 0 J • S 9O ... S X 1 0.29 0.58 

2 100 1 3 0 j . 6 , ., s )( 1 O. ! 0 0. 4 0 

a 100 1 30 ~ .6 '0 M • S X 1 0.2 6 0 .52 

2 1 0 0 1 30 :1 • 1 90 S >l 1- . 0 .1 1 0.34 

2 100 1 3tJ 3 . 1 90 ., . t )t 1 0 . 22 0 • • 4 

2 100 1 30 3 .8 9 0 $ )! 1 0 . 16 t) 32 

a 100 1 3(1 3 . 8 9 O .. • $ X 1 (1 . 19 0 .3 " 

NO ISE REDUC E D FROM 0 .96 TO 0 . 70 = 0.2 6 mv 

// 0 .84 TO 0 .S.0 : O. 54mv 

DIFF. 
ROOt,1 
TEt"lP. 

[ mv] cOt) 

2 9 
0 . 40 

2 , 

Z '} 
0 . 4 a 

2 9 

29 
0 .06 

29 

29 
0. 1 a 

aCJ 

39 
0.1 2 

29 

2 I) 

0.12 a, 
29 

0 . 10 
2 I) 

24} 
0. 08 

2' 

. (w. 5 ) 

( 5 ) 
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CDN CLUSION 

We ha v e constructed an a.c. s uscepti b ility br i dge , 

capable of mea s ur i ng absol ut e value s , ch a ng es in s us ce -

pt i bi li t y of magnetic ma t er ial s . It ha s be e n found that 

at present t he sens itiv i t y of the b r idg e i s about O. lmV. 

We have a l so seen that th e value of ind uced e .m. f . in 

th e c oi ls i s ~ 0 .4 8 mV . that is qui te c l ose to the 

theoretical value of O.6 5mV expecte d for a pe rmane nt 

magne ti c . 

Diff e r e nc es are a ttribut e d to l oss o f e.m.f. the 

resistive windings of the secondary. We hav e also see n 

that a sign i fican t r e duction in noi se t ake s p lace . When 

the coils a r e cooled t o liquid ni troge n t e mperature . 

Thi s is ver y r e asonable s ince a t l o w t empe ratur e th e 

e l e ctronic a nd the rm a l r es i s t ance are expected to decr ease . 

We were unab l e to measure the s usceptibi l ity o f 
. In 

a coba lt fe r r i t e l iqu i d sampl e due to suffic i ent se n-

sitiv ity . We be l ieve that imp rove me nt s sugges ted i n 

Ref. 7 Can be incorporated in this b ridge . to i ncrease 

the se n s iti vity to l wV which i s the kind o f reso l ut i o n 

r equired for measuring weakly magne ti c systems . 

We found that by variat i on of Rl and R2 the br i dge 

could be zeroed , even after the i nsertion of the samp l e , 

hence the b r i dge has the required be hav i our . We a l so note 
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that the sens i tivity of the br i dge i s max im um at an 

input fr eq uency of about 1 7 00 Hz. He n c we def ine t hi s 

, _ t he ope r a ting frequency of the b r i dge . 

In conclus i on , t h e a.c. br i dge ha s bee n s uccess ­

full y bu il t a nd t es t ed by us . 
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SHY '1:;;: 

Choose an a??ropriate ~ r a~plifi~r (se~ 
co~parison ch ar t in 2 . ~ S?ecific~tions) 

"~d plug It into t he ~Dd. l 12 

+ 
Sl't.: ~-. I) 

B~ sure th e rear pane l 115/230 V s~i t ch is 
1n the p r ope r po~ition . CO IlnE::ct the ~todel 

126 ';:0 t he pO'w'e r line . 7urn the Po .... c r 
S .... ·it L: , o n. 

r 
STE? T!-:?.E£ 

CorU1ect the s i gnal SO'.lrce f roe th e expe r i ­
men t to t~e preampl i fie r input(s) . 

~ 
STEP roll< 

Sele c t a mode of operati o~ for t he Refe r­
enc e Cnanne l ~ Base you r c~oice on ,.::'at is 
to contro l the f r eq ~e~cy . 

1 
STE? n\' ~ 

A?p l y t he reference dri ve t o the e:·:-p eri­
::.ent . The refe renc e drive is obtai ne d 
"rom th e Re:e r ence Chan~el outp ut connec­
te r on the f ron t panel ..... hen usi ng t l-t e!:--.-r / 
',"CO mode . In the externa l nodes. ( I e e x -

erimenc can be d riven by eith e r th t. 12 :-:-
2 rnal re reren c e source c r by tre ~k de 1 
:!6 output. I"..·h ichever is mos: suitac 1e. 

'1 
STEP SIX 

S~ t [ h~'(~ o Rol lo[f ~un trols to b racket 
the frcqu\.-'ncy of ellt.! sibn.;.l to be oe as ur -
e': . 

! 

,---. 

l::T /I.' CO 

Se ~ the fr eq uency by means o f the f ront 
pa n~l digi tal dials and range switch for 
Int~ rnal operation . For VCO opera tion, 
.:;ct up as fo r I nte rnal except: ad d o r sub ­
tr act t o the set frequency by fee ding a 
?I us or minus vol t age to th e VCO Input on 
t he rea r panel . 

~XTERSAL 

Connec t th e external refe re nce s ignal 
sou rce to thE:: Reference Channel In put co :-. ­
r.ector . Set the range s witch t o a posi­
ti on ...,hich wi ll cove r the f requency of th~ 

external refe re nce acco rcing t o the fol-
10'..:ing table and ..... ai t f o r the L: nlock la-:: ? 

I I ~ I t o extinguish . 
~ 

L---. 

3.';""1) (l'R£QUESCY Ri'~"GE) !'1.A_': I~n.,:1 TI~~ 

Xl (0 . 2 Hz t o 21 Hz) 15 run . 
XIO ( 2 Hz to 210 Hz) ::-.i.n. 

:,100 (20 Hz t o 2 . 1 kH z ) 10 se c . 
XIK (200 Hz t o 21 kE z) sec. 

X10K ( 2 . 1 kHz to 21 0 kHz ) s e c . 

EXTER:\AL f ' 2 

L:se this ~ode to ~easure the second ha r­
;;1C:1ic of a signal . C('Innec t the external 
ref~r~nce signal source to th e Reference 
Channe l i npu t connec t o r. The oscillato~ 
in th e Hod el 126 , and thus th e Phase Sen ­
si t i ve De t ecto r, will opera t e at ~~ic~ t~e 

frequency o f th e ext~ rnal referer:ce l,.,Ii thi :1 
the li mi ts in the .:le ove table af t er the 
~'!, l oc k lanp has extinguished. 

..1 
STLF SE\'E:\ 

Prelimin:)ry adjustment o f the Sensitivity 
swi t ch : Se t the Function s .:itch to AC.~"'~. 

Set the Time Cons tant cont rols to 300 ::1S , 

6 ri3/oc tave, and the s!MII t og<; l l' s .... itch 
to :;onnal . Be sure the Zero Ufi::,ct s\.:icril 
i.s o ff ( center pos i tion). Pl ace. t :;c SE:n­
sitiv ity Swi t ch to the ~ost counterclock­
wise position ~h i ch do es not cause ove r­
lo ,' ri . 

~ 
STEP EJ GI1T 

Tu rn the Funct i on s.....,i tch to the Xl posi ­
tion . Adjust 'th e phas e cor: r ols fo r a 
ma ximum positive me t er deflection , Change 
t he Time Constant ""'itch t o as la r ge a 
setting as reqci re:d to reduce th e meter 
fl 'Jc tuati ons to a t olerabl e level . If the 
meter deflection is too s~21 l aiter ad­
justing t he phase: cont rols, atter:l? t. to in­
c rease the Sensi tivi ty see ti ng without i n­
curring ove rload . If the wete r indicat i on 
is s t ill too 10' ... ', use the rU:1 c ti on sl.Jit ch 
to inc reas e the outpu t gRin to either X1 0 
or XIOO as ne cessar~: . 

r------~L..-------, 
STu :;1 S£ 

AssU!l!ing a Typ e 116, 117, or 119 Pr ea!qli­
.fier is installed, ope rating i n the Dlrect 
mode , the a mplitude of the signal can now 
be read on t he me t er vi th ful l-scale d. ­
flec tion equal t o the Sens i(ivi ty s'~i : cr. 

setting divi ded by t he ou t pu t gain, ~ . g . • 
100 mV and X10 settings yi e l d a ful ) - .ca : ~ 

readi ng with a 10 n'.' inp ut signa l. \..~:h:'r: 

us ing the Type 118 Prea mpli fier, t he Lo ck­
I n Amp lifie r is t e n ti~es more se ns i t ive 
so that full - scal e cor resp onds to 1 m~ . 

The phase of ( he signal :nay be read di­
recl l y f rom the phas p con trols , 

To increase the resol'Jt i o n o f the net t;? r t o 
sca lI amp litude varia:i o ns . tne Ze ro J f( ­
set cont rols can be empl oye d to SUp?f(":o;s 
the deflection allC",J ing the ot. t put gain to 
be increas ed ....., ithout over load. The a~rli­
t ude of th e s ignal can then be r ea~ d!­
rectly f rom t he Zer~ Offset c011tro ls rr0-
vi ding t hey haVe ~een set to obtitin ;~ r'1 11 
on thf' met E' r . 
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1101 el/ Normal s\"i t c ll - ----------------- NORM . 
Time Cons tan t SI"i t ch - - ------------- - Re d knob, 6 dB; Black knob , 

300 ms. 
Func ti on switch - ------------------~ i\CVM 
Ze ro Off s et - ---------- ----------- --- 0 (fully c cw ) . 
lOX Full Scal e switch - -------------- OFF ( center position). 
( Zero Offset toggl ' switch) 

(6) Turn the Power swi tch ON a nd wait five mi nu tes for warmup. 

(7) Con nec t a cable between th e Reference OUTPUT connector and t he pream­
plifier ' s A input. 

(8 ) Adjus t the Refe ren ce Le v e l pot e nt iometer for a fu l l-scale read i ng to 
the right . TIle res ulting pos ition of th e Leve l con t rol s hou ld b e be­
tween th e 10 mV and 100 mV marks on the front pane l . 

( 9 ) Chan ge th e L.F. Rolloff swit ch s etting to 1 kHz. The meter should 
read beD"een 30 % and 50% of full-s cale. Return the switch t o MIN. 

:10) Change th e H. F. Rolloff swi tch to 100 1-1z. Th e meter should r ead be­
tween 15% and 40 % of f ull-sc a le. Ret urn the switch t o MAX. 

: 11) Ch ange th e Time c.o nstant swi tch set ting t Oo 10 sec . l11 e me t er s llOuld 
read full- s cale. 

:12 ) Pl a ce th e Hold/ Normal sw itch t o HOLD. The meter s ho uld sti ll i ndi ­
ca t e f ul l - scale. 

:1 3) Ch rt nge th e reel Time Constnnt s lvitch to INTEGRATE. 

~ 1 4) Press th e Res e t bu tton momen tari l y. The me t e r s h oul d r e ad zero . 

:15 ) P l ace th e togg l (' s \"i tch to NORM . for exactly fi ve seconds, and then 
r e tu rn to 1l 0LD . The meter should read a pprox imate l y half-scale. 

:16) Set the Time Cons tant switches to 300 ms and 1 2 dB / OCTAVE . Set the 
toggle sl"i t ch t o NORM. The mete r s h ould read fu ll-scale . 

:17) Change th e Functio n sw itch to Xl. Th e me ter should ilgain read full­
~; c :l 1 ( .. 

:nn Set t h e Fun c tion 51"itch to Xl O an d r e ildj us t t h e Refe r e nce Leve l co n ­
trol t o obtai n f ull-scal e. 

:19) Se t t he Ze r o Of f set toggle switch to +, and t he turns count i ng dial 
f ully clockwise. The meter shoul d be against th e left-hand limi t a nd 
the Ove rload lamp should b e o'n. 

~20 ) Se t the Function S\"itch to XI OO. The me ter s hould b e somewhe r e on 
scale , e ither positiv e or negativ e , a nd th e Overload lamp should b e 
off. 

( 21 ) Re t urn t h e Function swi t ch t o XIO an d the Zero Offse t m"itch to OFF 
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INITIAL CHECKS 

.1 INTRODUCTION 

Ie fol l owing p roce dure is provi de d to f acilita t e initial perfo rma nce check--
19 of the Mode l 1 26 . I n ge ne ral, the procedure should be performe d a f te r 
ls pec ting th e i ns trument for shipping dama ge (any noted to be rep or t ed t o 
Ie carri er and to Prince ton Applied Research Corporation), bu t be f ore us ing 
t expe rimentally . Should any difficulty be e ncountere d in carr y i ng out 
lese ch e ck s , contact t he fa c to ry o r one o f its representatives, a list o f 
10m appears at t h e end o f th e manual . 

. 2 EQUI PHENT NEEDED 

(1) General-p urp ose os cill os cope . 

(2) Signal generator, hav i ng any 1 kHz r e pe ti t i ve waveshape that cros s e s 
its me an eX'::lctly t \vi ce each cyc l ,e and havin g a peak-to-peak vo l t age 
of a t l east 100 mV. 

(3 ) Asso r ted BNC cables . 

. 3 PROCEDURE 

lIE : This proce dur e mus t be performe d in s eque nce . 

(1) Install a preamp l ifier if not a l ready i ns t alled. 

(2) Ch eck t he r ear pa ne l 1 15 /230 switch. Be s ure th e number s howin g in 
t he \vindO\v co r r esponds t o th e line vo l tage t o b e used. 

(3 ) Turn the fran t pan e l Pmv e r swi t ch OFF. 

( 4) Pl ug t he l ine co rd i nto t he r ea r pane l and wal l receptac l es. 

(5) Se t th e front panel cont ro ls as f ol l ows. 

He t e r - - ---- --- - ---- - --------------- - Che ck mechanica l zero. Adjus t 
i f necessary. 

Pre ampli fie r -- - ---- ----- ----- ----- -- Se l ect A inp ut and DIRECT ( i f 
appJi cable) . 

Sens itivity s \v i tch - - ---------------- 50 mV (if using a Mode l ll8 
Preamplifie r , s e t t he Sens iti­
vity switch t o 500 mV). 

L. F. Rollo f f - - --- - --- - ------- - - - - - - - MIN. 
H. F . Rollo f f --- ------------ --- ----- - MAX. 
Frequency Mode switch --- - - -------- - - I NT/VCO 
Refe r e. nce Fr eq ue ncy dials - - ---------- Red knob, NORMAL ; Digi t s , 4.0 
Reference Frequency Range ----------- XIOO 
Phase poten t i ome t e r - ---- -------- ---- 0° (fully ccw) . 
Phase switch - - - - - -- - ----- - - - ------ -- 0° 
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«('('n t er pos 1 t ion)". The meter s hould r e ad f u11- s cale. 

( 22 ) Place the Phas e svJitch t o 90°. Th e mete r s hould go t o zero :t20 %. 

( 23) Se t th e Phas e switch to 1 80 ° . The met e r s h o uld r ead nega tive full­
scale ( t o th e l e ft). 

( 24) Se t th e Phas e s\oJit ch to 270° . The meter s hould read zero :t 20%. 

(25) Turn th e Ph a s e pot enti ometer nine f ull t urns clockwise (90 ° ). The 
me t e r s h o uld r e ad full - scale to the right. 

(2 6) ConnL.!ct t h e s i gn a l ge ne rator ' s output to th e Input connec t o r in the 
Refe r e nce Channel s e ction of t h e front panel. The peak- to-peak volt­
a ge c an b e a nywhere b e twee n 100 mV a nd several volts . Set the fre­
quency t o a pproxima tely 1 kHz. 

(27) Dis connec t th e cable between the Refere n ce Ch annel outpu t c onnec t or 
a nd th e pre a mplifier. 

(2 8 ) Advanc e the Le v e l control t o the 1 V s e tting . 

(29) Honitor th e Re f e r e nce . Channel Output conne ct o r with th e o s cilloscope. 
Th e \" a v e f o rm s hould be a sin e wave, 2.8 V (:to. 3 V) peak- to-peak. (If 
th e PO\ve r Amplifier Option has been installed, the amplitude will be 
a fac tor o f t e n greater. ) 

(30) PLJce th e Refe r e nce Mode switch to EXT. The Unlock lamp should glm" 
mome ntari ly . During this time t he frequency of th e oscil loscope 
w.1vefo r m s h o uld h ave increas e d to \"h ere it is equal t o t h e f reque ncy 
of th e sign a l ge n e rator. 

(31) Not e the fr eq uency on the os c illoscope . Then place the Mod e switch 
to EXT. f / 2 ; the fr e que ncy s hould do uble . 

'h is compl e t es t h e Initial Ch ecks . If the ins trument pe rforme d as indicated. 
Ine can be r e a s onably s ur e that it is operating properly. 
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CHARAC1' 1 ~ /.{1::'T1L~ 

2.1 I TRODUCTION 

The PAR™ '* Model 126 Lock- In Amplifier is the b as is of a high- q uali ty sys tern 
for th e precision measurement of signals contaminated by noise, power line 
in ter ference, frequency drift, etc. The measurement is accomplished by means 
of an extremely narrO\v bandwid th phase sensitive detector whi ch has its cen­
ter fr equency locked (referenced) to the frequency of the signal to be me a­
sured. This results in considerable improvement of th e signal to noise ra­
tio, permitting acc urate amplitude and phase measurements. 

A few of the outstanding characteristics include a series of plug-i n pream­
plifiers provIding optimum low no ise figure for practically any range of s ig­
nal fr equency and source resistance. To compliment the standard line of 
plug-in preamplifiers , the Model 184 Photometric Preamplifier has a virtual 
ground input which conne cts directly and efficiently to ph ot odetector out­
puts. 

TI1e s ucceeding signal amplifier in th e'Mo del 126 has independent ly adjustable 
high and low frequency rolloffs providing a means of rej ecting a great deal 
of noise before phase s e nsitive detection. The band of f req ue ncies which do 
enter the phase sensitive detector i s converted to sum and differe nce fre­
que nci es \"ith r espe ct to the r eference . A se l ectab l e single or double sec­
tion low pass filter r ejec t s al l fr eq uency components except th e dc component 
due to a signal present at th e reference frequen cy. Thus noise or other in­
le rference is eliminat ed , leaving only a d c voltage proportional t o the sig­
nal . Cal ib r at e d phas e co ntrols i ndica te the phase of the incoming signal 
whi l e th e amplitude is disp layed on a standard pa ne l me t e r. 

Certain design feat ures have been incorp orated t o facili ta te practical appli­
ca tione

• The gain of the ac Li gnal ampli f i e r s b efore the detector and the 
gain of the de ampl ifi e rs after t he de t ec tor can be sepa rat e ly de termined to 
ob tain th e greates t degree of output s t abili ty for a given incoming signal­
to-noise r at io. TI1e reference circuitry, in addition to operating as a 
t r a king osci llator locked to either th e external frequency or twice the e x­
ternal frequency , can also function as a veo or as a standard laboratory os­
ci llat o r \"it h its O\"n digital freq uency dials. It is possib le to operate 
ov'r ce rta i n freq ue ncy ranges of 100 to 1 without touching a s in gle co nt rol, 
In c Luding phase . The output filt er Ciln be switch ed to a true integrator mode 
wit h hold and rese t capabilities. 

A wide selec tion of accessories enhances th e ve r s atility of the Modrl 126. A 
t\"U-p h ~H; ' <lcl'cssory , the Nodel 127, cn~I!J]es ~ilTl l ll til n eo u~ ITIc' ls uremc nl of both 
in-phase cind quadrat ure compone nts \\1h i le t il e Model 126 indep e nde ntly detects 
at any s elected third phase or op e rates as a standard ac voltmeter. Other 
clD c illary equipme nt i ncludes l1gh t choppers, photomultiplier tube housings, 
teletype, and computer interface modules. 

'''P,\R is a trademark of Prince t on Applied Research \.orporat.lon. 
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SPECIFICATI ONS 

IERAL 

FREQUENCY RAN GE : 0 . 2 Hz to 210 kHz. 

SENSITIVITY: 18 f ull-s cale ranges in a 1-2-5 s equence combini ng both the 
Se ns it i vi ty co ntrol and Output Gain control ranges. Actua l f ull-s cale 
vo lt ages are de termined by the choice of pr eamplifier. Re fe r to th e pre­
ampl ifi e r chart for de tailed information. 

AUXILIARY POWER OUTPUT: Regulated ±24 V at 150 rnA capabili t y i s availa-
b le at a r ea r pane l conne c to r . 

NAL CHANNEL 

PREAMPL IFI ERS : 

IF ICATION 

1,'1 II I Z 

FI) .. ~lIr t ' 

111 11111 111 

iliOn \I I)1 j, · 

.111 111 H .t l!! l 

1111 ~t: , dt' 

' ll sl tidly 

,1\. l mll lll 

111 1'11 1 
• 1) 1t.1~ I ' 

Murlel1l6 

S t· lt 'c ' lt'd II \' f ron t 
jI.l I\ I ' 1 sv\;itc h : 

11;1'1 ,, ' 1 1( 1) Illl'f:. SE/ IJE 
T "illl , fo rll,, ' r" : Low 7. SEI DE 

I Jo 1'1 " I ' 11 Z II I. 2 11 ) , 111. 
'1" ," ,. 1",, 11 \1 " '" ) ;,11 1. II) Id 11. 

l1il"l' c l ' ~I h.tiOh llI S - ~ () mt~g()hlll ~ 

T ral1 s fo f lllt'r : 1;' nhll'l S - IOO ohm s 

Il il"" ' I ' 1 11 1. - 2 10 kllz 
T r 'l 11 s form l' I" ~O 11 1. - 10 , 11 1. 

I l " ' " I 1211 01 11 iI I Iil l II I 
T 'd ll,I III Il H ' \ \ ·1111111 . \ 1 1,1) II I 

11' 1" '0:1 . 1 jl V 
T,.dll s [nr lH l' '' : HI nV 

IJ ;",'<: I : ' 2fl ll Vol " 
'I [". lIl'dll l' ll ll '! · ~ (II J Vil e c. 

Model 11 7 ' 

11)11 ITIl'go hm s 
SE/ IJE 

!I .2 11 1. 2 I!1h1I /. 

·1 kilohm s -
2-D ml 'gn hll\ s 

11\1.- 210,11 1. 

1 jl V 

, 2110 Vd o: 

\I ()TES : d . 111 1' 11 1 'I. i , 1111111'1." 1' 111 " J>proa c ill' s O.Z;, 11 it! IIIW 
Ir " lI " "1 1I I" S. ~ 1.I \ · hi, \\ irt' d [ II I' 1 :!i() 10 I ::I ;,() I\',r lls 
L I I II I ~ I" '111.11'1 1 is 1 ' 101 1 

Mo de lll" 

> 10 kil ohms 
S Ei m: 

!I 2 II I 2 I () k il l. 

21l1) ohlll s -
2.:, ' il " hm s 

:,!In 111. - 2 )!I ,I I;,. 

11 11 <III " I lill II I. 

100 nV 

, ~I V 

Mod e l 11 0 

Sf'I " " I, '.! h y frool 
pall !'1 swit ch : 

il; rl'c: l : 11111 Il II 'g , SEI DE 
T r .t11 s fn r m e r : Low Z S EI DE 

I " I'" c: I . !I 2 111. 2 !Clld I I. 
T" ' II, I"" II 11 " " : 1 hil I 2 1!1 k ll 1. 

Il;I'I' <: 1. 4 k i l" ltrn s - W Il ll 'gohm s 
T ransfo rmt!r : 1- 10 ohm s 

lJ il'l'ci : I 111. - 21 11 kll 1. 
Trallsf"rm l' r ' '1.0 k i ll. - 1 ,,0 k ll z 

I l; II ' o: l : 120 til l ill lill ll 1. 
'l' rol 11 '" I ClI'IIII " I :.! O il il illl ifJ li z 

1),"" I ' '1 II V 
'1 1," " [lII' m , ',.· '10 11 V 

ll in ·" I: '200 V,k 
Trilli s fflrll ll ' r : . 2{J O Vdc c. 

h. V aril " \\'il h S(JI IlC I' illl l' , ' c1all ( I' . 

I ' C lI IIIIIH11I lIi" c1 ,' ol1l y . 

Table II- I. PREAMPLIFIER COMPARIS ON CHART 

BANDWI DTH: Dynamic range of the Lock-In Amplifi e r is increas ed by limit­
ing the bandwidth of the signal channel. Independent low and hi gh fre­
quen cy rolloff controls (6 dB/octave) s et th e - 3 dB bandwidth. The range 
of the Low Frequency Rolloff i s 1 Hz to 1 kHz in a 1-3-10 seque nce plus 
MIN . Th e Hi gh Frequency Rolloff covers a range of 100 Hz to 100 kHz in a 
1-3- 10 s eque nce plus MAX. A relatively narrow passb and (Q=~) can be ob­
ta i ned by setting both controls to the s ame frequency. Wh en oper ,J. t e d 
wi th maximum bandwidth, r esponse is fl a t within ±l% from 10 Hz to 110 
kH z , ±2% f rom 110 .kHz to 210 kHz , and +D, -30% below 10 Hz. 
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SIeNA], i'1ONITOR CONNECTOR : Allows monito r ing of s ignal just ahead of de­
mouulation. 100 mV rms s ine \·wve corresponds t o full-scale in Xl setting 
o f th e Fun c tion (Output Gain) switch, 10 mV in XlO, and 1 mV in XlOO. 
Ou LI'Ul lmped£lllce Is 600 ohm.s. 

Line frequency pickup due to i ntt~ rnal powe r s up ply is less th an 20 nV rms 
(ref e rred to the Direct inputs of n Type 116 Pre amplifier). 

REFERENCE CHANN EL 

OUTPUT: Sine wave at the r eference oscillator freq ue ncy . Amplit ude i s 
continuously adjustable from 0 t o 1 V rms by means of t he Level control. 
To tal . harmo ni c distor tion is l ess than 2% . An optional power amplifier 
is availab l e which increases the maximum output level to 10 V rms ( ad­
justable f r om 0 V to 10 V) and fixes the output impe dance at 600 ohms. 

OPERATING HODES : 

I NT /V CO: Freq uency · of the inte rnal r efere nce os cillator is set by means 
of the front panel digital di a ls and/ or th e rea r panel VCO Input con trol 
voltage . Frequency dial accuracy is ±2% or 0.05 Hz , whichever is great­
er. VCO con trol voltage of 0 to flO V corresponds to t he full frequency 
range of the se t band. VCO input impedance · is 10 kilohms. 

EXTERNAL: The inte rna l ref. r ence oscillator \vill lock in both freque ncy 
and phase to virtua lly any exte rnally genera t ed signal crossi ng its mean 
only Dvice each cycle. Hinimum time . required on either side of the mean 
is 100 ns . Amplitude exc ursion must be a t·least 50 mV on each side of 
the me an. Input impedance i s 1 megohm. 

Once l ocked-on , the reference oscil l ator will track the external signal 
over a freq uency r ange of 100:1 within the range of th e set band of fre­
quencies. Maximum frequency acquisition (lock-on) times for each fr e­
quency b::md a re given in th e fol l owing t ab l e: 

BAND (FREQUENCY RANGE) HAXIMUM: TIHE1< 

:1 (0.2 liz to 21 liz) 15 min. 
XlO ( 2 Hz to 210 llz) 2 min. 

XIOO ( 20 lI z t o 2 . 1 k1l z) 10 sec . 
XlK (200 li z to 21 kHz) 2 sec. 

XlOK ( 2. 1 kHz to 210 kHz) 2 s e c. 

Table II-2. HA)<IMUH l.OCK-ON TIHE FOR EACH BAND 

*Tillll! call be shortened apjlreciably by momentarily swi tching to INT/VCO 
mode and manuaJly setting the oscilla tor to th e proper frequency . 

\.Jh e n the frequen cy has locke d , the phas e will track at the typical rates 
s hown in Fi gure II-I . 
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EXTERNAL f /2: Essentia lly the same as the External mode, excep t the in­
terna l refe ren~e os cilla tor locks to twice the f r equency of the e xternal 
cont r ol signal. Hax i mum input fr equency is 105 kHz . 

r-l-v.Sr: SH I Fl'iJ : Phase a cc uracy is ::2° f r om 0 . 2 Hz to 21 kHz, and ±S o from 
2l khz to 210 kHz. 

'D10DULATOR 

ihe Func tion swit ch allows th e DeTllOdula to r to ope rate as a Phase Se nsi­
tive De tector with selectable output gain or as a conventiona l ACVM. 

DC OUTPUT GAI N/ZERO STABILITY: The function swi t ch permits se l e ction of 
the optimum gain ve rs us s tabi l ity trade-off for the characteristics of 
t 1e s i gnal be i ng meas ured. The fo llm.,ring tab 1e lis ts both the zero s tab­
i l ity and ove r load capabilities at each switch s etting. 

OUTPUT OUTPUT OVERLOAD 
GAIN STABILITY CAPABILITY* 

Xl 15 ppm;o C 3 x full- s cale 
XlO 100 ppm;oC 30 x full-scal e 

XIO O 1000 ppm/oC 300 x full - sca l e 

Table 11-3 . OUTPUT STABILITY AND OVERLOAD AS A 
FUNCTION OF OUTPUT GAI N 

'~ Defined as t he ratio', a t t11e input of the lo ck-in ampl i fi e r, of the max­
imum pk-pk non-coherellt signal which can be applied wi thout overloading 
the Model 126 to the pk-pk coherent signal r eq ui red to yield full-scale 
Hodel 126 output mete r deflection. Note that, e xpresse d as th e r a tio of 
th e pk-pk non- coherent signa l to th e rms value o f th e ~oherent signal r e­
quire d for full-sc a l e output, this number can b e as great as 1000 (maxi­
mum i nput signal: 3 V pk-pk). 

'L' TPLT T FILTER OPER.ATI NG ~10DES 

fJ ciH : Si ng]p s ecU o n low pass filter with Time Cons t ant swi t ch s e l e c­
t ions o f 1 ms to 300 s in a 1-3- 10 sequence plus minimum (MIN.) a nd ex­
ternal (EXT. ). Rolloff rate is 6 dB/octave. 

1 2 dB : Double section low pass filter \vith t he same r a nge of set tings as 
f o r 6 dB/ oct ave. Rolloff rate is 12 dB/octave. 

I NTEG RAT E: A true i ntegrate mode may be selec t ed at th e fr on t pane l. 
Build-up ra t e i s such that a full scale signal will cause the output to 
r e a ch th e us ua l full scale level a f t e r a time i n t e rval equal t o th e time 
cons tant s e l ected by the Time Constant switch has e l a psed. The I nte grate 
mode i s often used to measure signals which are not continuously present 
at the input. Accuracy is ±20 %. 
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Fi gure II-I. SYNC. SIGNAL SLEHING RATE 
AS A FUNCTION OF RANGE 
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I!OLD/ NORN/I.L AND RESET: A set of t\.JO s\Vitches can be use d fo r h o l d ing or 
resetting the o utput l e ve l in a ny of th e three Output Filter o pe rating 
modes . The 110 1 d / No nn a l s\"r it ch can be used to de termine th e integ rati ng 
time limits. () ~lt p u t stability \Vhen holding i s typ ical l y 200 ppm of f ull­
sC'.1 1e lW l- tim e co nst;lIlt- interval. 

EQ UIVALENT NOIS E nAN DHIDTH : 416 pHz mi n imum (300 second s maximum inter­
n a l time constant, 12 dB / oc t ave ). 

ZERO SUPPRES S : Cal ibra t ed contro l permit s off-setting zero by ±1000% on 
the XIO and XIOO ran ges, and ±300 % on the Xl range of the Function 
S\.J:i tch . 

:IETEPED OllTPl:TS : St a ndard panel me t e r is 0.5 % linear. Full-sc a l e corre­
s ponds t o ±10 V at th e front pa n e l Functi on Out connec tor (1 kilohm impe­
da n ce ) a n d at th e recorder output binding posts (1 kiloh m impedance ) . 

ACVH ACCURACY : ±l % from 10 Hz to 20 kHz, increasi n g to ±10% at 210 kHz; 
+0, -30% below 10 Hz. Average responding. 

PO\~ER REQUIREHENTS : 105- 1 30 V' or 210-260 V; 50-60 Hz; 30 \Va tts. 

S I Z E : 6 - 31 / 32 " H x 17-1/8 " W x 1 8- 1/4" D (17. 8 cm H x 4 3 . 6 cm W x 46 .5 
cm D) . 

~IOUNTING : llracke ts included for mounting in s t andard 19" rack. 
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SECTION IV 
OPERATING INSTRUCTIONS 

Th e PAR™ Mod e l 126 Loc k- In Amplifier i s a precision ins trume nt craft e d to 
pe r mit d e tail~d analysis of signals buri e d in noise or other interference. 
This sect i on describes the block diagram oper a tion, full consideration of the 
function of e ach co ntro l, and the interfacing o f the Mo de l 126 with both the 
e x peri ment and an cil l ary equipme n t. For a cursory meth o d of se tting the con­
tro ls, a t th e expens e of overlooking t he reasoning b ehi nd certai n steps, see 
th e Conde nse Operatin g Instructions , Section 1. For more specific informa­
tion on th e o perat ion within one of the circui t blo ck s, re f er to the Theory 
and Circuit Des cript i on section. Begi nning wi th an overall as s e ssment of the 
in s trument and £o llO\ving with f ul l disclos ures of ea ch op e r a tio nal trait, 
thi s se ct i on i s co nfi ne d to mas t p r ing t h e controls of th e i ns t ument a nd co n­
n e cting it to a n experiment in the bes t manner. 

14 . 2 BLOCK DIAGIW! AND FRONT PANEL LAYOUT 

hlhcn op era ting as a Lark-In Amplif ier , the Mode l 126 comprises three dis tinct 
s ec ti o ns , ! 'w S.ignal Channel, Re ference Channel, and Phase Sensi ti ve De tector 
a J o ng \vi t h its out put circuitry; e ach i s clearly s e parat e d a t th e fro nt pa nel 
by h eavy IJ] a ck 1 i nes . A ty p i c al s i tuation is shmv n in Fig ure IV-I. To im­
pI-a v e c lari ty t iJe illterfere nce which might be pres e nt at t h e outpul of the 
ex per imen t is no t s hown. 11112 signa l being measure d, combin e d ",Ji th a ny inter­
f e r e n c e, i s amp lifi e d b y the Signa l ch-:mne~~ich has a variable bandwidth 
capabl e of l"l' .' e ct i ng a large amount o f t h e interference befo re s uhmit ti ng r-he 
s i gnal to th e De tector. l11e Refe r ence Ch anne l has th e twofold function of 
d r iving th e e xperiment so that th e freq uen cy of its signal output is known, 
a nd switch ing the De tector at exac tly the same frequenc y b u t with an ad justa ­
bl e phase . Th erefo re , t he De t ec t or receives bo th a signal with its interfer­
e n c e and a frequency refere nce of knmv n phas e . From thes e two inputs, th e 
De t ec t o r produc es s um and differenc e frequenci e s . The diff erence between the 
sign a l and the reference is, of course, zero frequency or simp 1y de, with a n 
amplit ude propo r tio nal component of the signal at the se t phase. All inter­
f L l-e n ce an d n0 i~e no t at th e r e ference freque n cy a ppear at the De t C' c t or ' s 
J u t' pu t al fre qU l' IlCies gre ater than zero . By send ing th e total De t e ctor out­
p u t lhro ugh < 10\vpas s filter, o nly the dc is pres e n t to deflect the me ter a 
calibr3ted amo unt. 

I •. J SIG NAL CHANNEL 

PI{ P:AH1) LI FI ERS 

The fLys t decision to be ma de wh e n placing the Hode l 126 in operation is the 
choice of plug- i n p reamplifier. Th e choice is base d on considera tion of the 
no i s e figur e , common mode rejection ratio, an d distortion, for the particular 
si gnal sour c characteris tics . Gene rally , for very low signal leve ls, the 
selec t ed pre amplifier model y i e ld~ the lmvest noise fi g ure f or the source 
r e sistanc e an d freq ue ncy of the signal being meas ured. Fou r models are pres-
e nt l y avail ablp fnr " ,, 11"<>" 0 " .,, ~ '~ C~ _ _ L . J -' 



87 

gc conversion (often used with phu t omultiplier tubes). 

Fig1lr e IV-2 s hows the area in Hhich t he no ise contrib uted b y the preamplifier 
is Lnsignificant co mpared to that which must be pres e nt in the so urce resis­
tunce due to therma] agitation. Th e Mode l 117 Ls we ll s uited for signals 
from relatively high sour ce resistan ces. Th e Mode ls 116 an d 119 are ldenti­
cal in operation fro m high source resistances but have an input impedance 
matching trans former \vhich can b e swi tch ed in to allow low noise perfo r mance 

116 ,1 1 7, a 119--- ....... 
DIRECT MODE 

1011 

lO a 

If) 

2 
:x: 
0 

10 4 ~ 118 
~ 
~ 
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If) 
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10' a:: 
w 
u 
a:: 
~ 

~ 
102 

10 

1.0 

TRANSFORMER 
PLUS PREAMR.. I !=" IER 

10-'~--__ ~-+ ______ -+ ______ ~ ______ ~~~ __ ~ ______ -+ __ ~ 
10-1 

1.0 10 

FREQUENCY, Hz 

Figure IV-2. OPTlMUH P ERFORMANCE REGIONS OF THE PREAMPLIFIERS 
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ro m very low sour ce resis tance values . The diff erence between the two is 
he optimum freque ncy range for the transformer type used in each model. The 
loJel 118 performs well with intermediate values of source resistance. 

.1 tllOUgh no t actually a preamplifier, tllc Model 190 Low Noise Transformer 
hould be considered at this time. This transformer, wh en placed ahead of a 
igh i n put impedancc preamplif ier such as th e Mod e l 116 , 117, or 119, forms a 
yst em which has an optimum noise figure contour as shown in Fig ure IV-2. 
,oth 1: 100 and 1 : 1000 turns": ratios are provided. 

detaile d discus sion of noise fi gures is give n in later paragrap hs under 
Use of Noise Figure Contours". 

he Nadel 184 Photometric Preamplifier provides' an inpu t calibrated in t erms 
f LurLent rang i ng from 10- 5 amperes p r volt to 10- 9 amperes per volt , per­
dtt ing eas y , accurate measurements of ph todetector current, or a ny othe r 
.inute current. Overall system senf'i tivi y is th e ampere/volt setting of the 
.odel 184 mUltiplied by the Sensitivity and Output Gain settings of the Nodel 
26 , permitting meas urement of currents as sma l l as 10- 1 5 ampere full s cale. 
or typical ~lOise figure information fO.r th e Hode l 184, refer to the ins truc­
ion manual for that preamplifier. 

.noth er fa ctor in s e l ec ting a preampli fier i s its ability to amp l ify vlithou t 
i s tortion. If an experiment requires measurement of low level harmonics in 
he presence of a high leve l f undament al , it is impor tant that th e preampli­
ier does not add significant harmonic signals by non-linear amplification of 
he fundamental. l.Jith the single exception of th e Model 118 , P . A.R . pream­
lifiers operating i n th e Direct mod e distort a signal so slightly as to be 
nmeas urable (much l ess than 0.01%) us ing conventional methods. The Model 
18 can, at high signal input l eve ls, cause appreciable di stortion as shown 
n Figure IV-3. \fuen using the Models 116 or 119 in the trans former mode, 
oth phase shift and distortion can occur and should be measured for each in­
ividual operating condi tion. 

ommon mode rej ec tion ratio is an importan t conside ration when the s i gnal be­
ng measured has a high level of interference common to both terminals across 
hich the signal ap pears. This type of interference is reJected by the pre"': 
r.tp li f ier itself so that the signal to nois e ratio "improvement" is in addi­
i un to the ::'::Jprovcr::ent made by th e lock-in process . Figure IV-4 depicts the 
ypical common mode rejection curves of the preamp lifiers in both the direct 
Ild tnll1o(onner modes operating differentially (A - I3). 

h e full scale sensi tivity of the Monel 126 Lock-In Amplifier can be affected 
y the ch oice of preamplifier. Refer to the paragraphs on Full Scale Sensi­
ivity on page IV-14. 

SE OF NOISE FIGURE CONTOURS 

f every p recaution is taken to insure that the signal being measurcd is no t 
ontaminated by such t hings as line frequen cy inte r ference ~nd ground loops, 
here is still a residual noise, the J ohns on noise , which is pres en t due to 
h e th ermal effects on the electrons in the source resistance at any tempera­
ure above absolute ze ro . This th ermal noise can be calcula ted from the fo1 -
owing equa tio:l: 
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CUR VE S 1 and 2 app ly for Itnsitivi ty s. itch .ettinVI 
from 100 II V through ~ O mV. Curves :3 and 4 apply for 
seNings from 100 rrr-V th r ough ~OO mV. 

20 mV 

FREQUENCY, H.I 

Figure IV-3. DISTORTION v. FREQUENCY 
AND !\MPLI TUDE, MODEL 118 ONLY 
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En = TIllS noise vo ltage \vithin a bandHidth of measuremen t. 
K = Bolt zmann ' s constant = 1 . 38 x 10- 23 joules / Ke lvin. 
'/' = Absol ute t e mp f' rature :Ln Kelvins . 
lZs Resistive component o f the i mpedance across whi ch the voltage is 

meas ured. 
J3 Ba nd\vidth a cross which the noise voltage is meas ure d. 

;i nce room t empe ra tur e is t he mos t common si t uation for si gnal s ou r ces , the 
;r "' r ·1 shmvn in Figu r e IV-S \vhich r e l ates th e Johnson nois e per r oa r-Her tz for 

ra nge v f sour ce resis tances at room t emperature has bee n provid e:J . 

second sour ce of noise must also be cons idered. Eve ry amplifi e r of any 
ype or des ign also h 3S a ce rtain l eve l of int ernal ly generated noise whi ch 
ppears at its out put . I t can be seen that Hhenever any signal is passe d 
hrough an ampl i fi e r t he r e \vi11 be a certain amount of nois e ·((de d to that 
lready inh e rent i. n the signal source. One way of e val ua ti ilg the prac t ical 
mpor t an ce of thes e t wo types of nois e is to relate th em by de termining the 
No is e Figure " for a preamplifier according to the foll01..l ing formul a: 

Jise Figur 

20 tota l i:ms noise voltage r e ferred to th e amplifie r input dB ( 2) 
10g10 s our ce thermal TIllS noi s e vo l Lage 
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Figure IV-4. TYP I CAL COMMON- MODE REJECTION 

Since the noise contributed by a given preampli f ier de pends on t he particular 
r esistance connected to its input and also on the frequency of interest, the 
nois e fig ure for t ha t preamplifier can be plotted as a set of conto ur s 
against f r e quency and resistance axes. Contours for the various plug-in pre­
amplifiers are given in Figures IV- 6 through IV- 9 . Additi ona l informa tion 
pertaining to the Model 190 is i nclude d in Figures IV-lO th ro ugh I V-12. Th e 
inner areas ,vith the lmver noise figure values a re located where the pre am­
plifie rs con t r ibute a negligible amount of nois e compared t o t he noise due to 
t he source res i s tance. If the ch a racteris tics of th e signal source are 
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I 0\11 n , it i s a simple mat ter to determine which preamplifi er: is mos t appro­
iate a nd wh e th er it should be operated with dire ct or tra nsforme r couple d 
puts. 

is impor tant to not e that if the source r eEj ist ance of t he signa l is lower 
Ull Lhat which \vould be optimum for a given preamplifier, t he source resis­
nce s hould not be changed by merely ad ding a s eries res is tor t o it. To do 

.!ould act ually result in a degraded si gnal-to-noise ratio altho ugh th e 
Lse figure has improved (only because more therma l noise has been intro­
: ed a t th e input without a change in signal level). A similar res ult oc­
~ s if a shun t r esistor is added to a source which is higher t han the opti-
n value for a preamp; in this cas e , the effec t is to reduce th e signal l ev­
mo r e r ap i ly than the th e rmal noise. A transforme r can o f ten be us e d t o 
'an tage Since , over certain ranges, the apparent source r es i stance as seen 
the preamplifie r can be changed to optimum withou t de grading t he s ignal to 
se r a tio. 

pos e th a t the Mode l 126 is to be connected to an experiment th at presents 
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a source resistance of 100 ohms a nd a signa l freque ncy of 1 kHz . In Figure 
IV-6, i t can be see n that t he noise figure would be app ro ximate l y JO dB when 
usi ng either a Model 117 or a 116 or 119 in the Direct mode. If the Model 
116 were operated with the transformer switched in, a noise figure of less 
th a n 1 dB (Figure IV-lA) would be realized. In addition, the Model 118 (Fig­
ure IV-9) would be slightly higher than 1 dB under these signal conditions. 
Stric tly from a noise fi gure standpoint, the Model 116 operate d in the Trans­
former mode wo uld be the bes t choice . Nevertheless, the frequency response 
c urves fo r this transformer, Fi gure IV- lB, should be checked. It can be seen 
that th e calibra t i on will be affected, and this s hould be taken into account. 

It shou ld be emphasized tha t noise figuL ~ is no t the only cri t e rion in choos­
i ng i:l pre amp l ifi er, esp(~ cially if the s ignal l eve l is not sma ll compare d t o 
the noise. A flat f r eq uency res ponse curve such o.s the Model 118 may be im­
po rtant if the operating frequency of th e Model 126 mu t be scanned over a 
l arge range. 

So far , ac tual noise voltages have not b een discussed . This i s b eca use the 
voltage as gi ven in Equation (1) depe nds on th e bandwidth , which, under nor­
mn l use of the Ho del 126 as a Lock-In Amplifier , is con tro l led by the s etting 
of t he Time Co nst ant switch. The Noise vo ltage and the ban dwidth i s desc rib ­
ed in some detail i n the "Output Fi l ter Hodes I paragraph in s ub se tion 4 . 5. 

FUL L SCALE SENSITIVITY 

Effect of PreLlmplifier Ch oi ce : The Sens i tivi t y swi t ch on t he t lodel 126 ha s 
s ttings rangi n g from 100 ~V to 500 mV full scale. ~le actual full -s cale 
sens it ivity is equal to th e se tting when using th e Mode l 117 or e ither the 
~l()del lJ 6 r 119 operat ed in the Direct mode . Usc of the Transformer mod e on 
the latter t\.JO \.Jill increase sens i tivity by a facto r of 100 so that t lte Sen­
sitivi ty swi tch covers Ll range of 1 jJV to 5 mV. The Model 118 boos ts sensi­
tivity hy a factor of 10 so that a range of 10 jJ V to 50 mV res ults. 

Xl] of the fo r egoing aSS\lmes that th e Output Gain (see PSD and Out p ut Ampli­
fiets) is set to Xl. I ncreasing th e Output Gain setting also affects the ac­
tual f ul l scale sensi t ivity . Using the maximum set ting of XIOO in conjunc­
tion with the Node l 116 or 119 Preamplif i er in t h e Trans former mode yields a 
full scale sensi t ivity of 10 nV. 

\ipc ir.1Ui;l Se t t ing : In gelleral, r egardless of I"h at preamplifier or Ou tput Gai n 
is uscu, s e t th e Sensit i vity t o th e l owes t ful l-scale vol tage whi ch does no t 
CiJUse overload as indi cated by til e lamp. 

lW LLOFFS 

The prime function of the 10\.J and hi gh freq uency rolloff circuits is to elim­
i nate as much interference and nois e as poss ib le while having mi nima l effe c t 
on th e signal of interes t. Under mos t conditions, this i ncreases the dynamic 
range of the i ns trument and reduces t he f l uctuations i n th e final dc outp ut 
of the ~'lodel 126. As shmm in th e Block Diagram, Figure IV-I, the ban dwicl th 
of th e signal channel can be se t by individual High and Low Frequency Rolloff 
swi tch es . 

Use of the MIN. and }~X. pos itions simulta6eously provides a flat response 



cu r ve over t h e f ull op e r a ting ran ge o f th e Hodel 1 26 (re f er to til e s pecifica­
tions , s ub sec Lion ').2, Bandwidth ) . A. flat res ponse i s useful fO I- op e ration 
of the i ns trume n t as an ordinary ac voltme t e r o r as a b roadban d , 1m., noise 
s i gn a l ampli f i er. Wh e n opera ting as a Lo ck-In , th e fl at r espon se i s r ecom­
me nded wh e n the s i gnal chan ges freCjue n cy b y l arge fn c tors d u r i n g til e co urse 
of t h e mens u rement. 

\·!h er:eve r possibl e , the banch.., i dth s h o uld b e mi nimizL: d s o th a t th e co n tro l se t ­
tin gs close l y b r acke t the s ign al fr e que n cy . While this c~n grea tly r e du ce 
no is e a nd int e r fe r ence which are not clos e t o the s ignal fr e que n cy, b e ar i n 
mi n d t h a t the r e is a l s o some e f f ect o n tl1e amplitud e a nd ph ase of th e s ignal 
i t se l f whi ch co uld aff ec t th e appare nt cnlibrnt ion o f t he ph as e contro l s a nd 
f u l l -scnle sens i tivi ty. Fi g ure s IV-13 nn d IV-lLl show th e ch a r ac t eri s t ics of 
ench fi lt e r "There Ein and Eout refe r t o th e inp ut and output v o l tage of each 
fi lter . Ein may or ma y not b e t h e s ame for th e two fi lters . To f ind the 
co mbine d ef f ec t of the filt e rs, multiply the Ampli tude trans f er fr ac·tions a nd 
;'Hld th e Ph;)se trans f e r s . 

Sup pose t h e s i gn a l freque n c y i s 1 kHz a nd that bo th line f requency i n t e r fe r ­
ence ( 50 or 60 Hz ) a nd wid eband nois e are pre s e nt and l a r ge comp a red to th e 
s i gnal. By se t ting the LF Rolloff to 100 Hz and the HF Ro lioff to 10 kH z , it 
can be seen th a t th e line fr e que ncy pickup i s r ed uce d t o les s th a n 0.5 time s 
the l e v e l a t the input o f the filt e r, us ing an f/ f 3dJ3 v a lue o f 60 Hz/lOO Hz 
i n Fi g ure IV-1 3 . Th e b a nd\., idth of th e \., ideb and noj s e h as b een r e duce d fro m 
the full bandH i dth o f th e Nod e l 126 to approxima tely 10 k Hz. Wi deb and nois e 
fed i nto the input o f the amplifier prod uces a nois e voltage at t h e outpu t 
n o t only ~rop ortional to gain, of course, h u t also proport i onal to t h e s quare 
roo t of t 1e b a ndwidth. In th i s case, th e no i s e vo l tage at th e o ut p ut o f th e 
Si.gll.:11 Ch a nn e l h as been r e duced by ;) f acto r of 12 10 k Hz/ I0 k Hz or nb out 4.4. 

100V \.Jh a l ,Ib uut th e ,unplit udc ,md ph ase s h if t s of th e s i gn al i tse l f ? Fo r th e 
LF Roll off Ph nse Tra ns f er , f / f3dB is 1 kHz/lO O Hz or simply 10 . As shown in 
Fi gure IV-I] , th e re is ab o ut:. a 7° l e nd i mposed on th e s i gn a l amI n egligible 
ilmp l i tu de loss by th e LF Rollof f under these comli U ons . Th e f / f 3dB vnlue 
fD r Lh e HF Ro LLof f j.s 0 .1 which prod u ces a similar e f f ec t excep t that the 
s i gna l l ags r . Although not necessary, separating both th e LF a nd HF Roll-

ffs b y the s ame fa c tor with r e sp e ct to the signal fr e que p cy can ce l s o ut the 
tota l ph ase shift throu~ l the filters. 

~:1 5 01;10 caS l:: ~' , r. li..lximum s ignnl-to- noise ratio improveme nt c nn b e obtaine d by 
o pe raU ng the two fil ters at the same frequency and causing the s i gnal to ap­
p ear at that freque ncy. Aga in, the tota l phase shi ft is nominally zero, but 
in this situation, the signal amp litude is reduced by 6 dB or 0.5 . Ne v e rthe ­
l es s , in the example of the preceding paragraph, the line i nterfe r e nce is re­
d uce d to about 0.07 ' time s the level at th e inp u t o f th e filter so th a t com­
pa r ed t o th e sign a l it is nO\,;1 much smaller. The nmplit ud e red uc t i on of the 
signa l its e lf should be taken into account when co ns iderin g full scale s e nsi­
ti v ity. 

OVERLOAD 

Th e Ov e rl oad lamp moni t ors two po ints in th e Signal Ch a n ne l, at the preampli­
fi e r o ut p u t j us t ah ead o f th e s igna l ro l l o f fs , an d at t he f ina l o utput just 
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~lead of th e Ph ase Sensitiv e Detector. Not only is the possibility of sa tu­
rating the las t sign a l amplifier monitored, but overloadS in the ear l y stages 
wh ich might not pass through the rolloffs are also che cke d. The same lamp 
a dditionally indicates overload occurrin g in the outpu t s tages aft e r the 
Phas e Sens i t ive Detector so that al l possible locations and typ e s of overload 
a r e monito red . 

I f the me t e r reading is off-scale when the Ove r load lamp is o n , t h e nature of 
the overload is obvious a nd th e gain of t h e i ns t r ume n t s houl d be r ed uced . 
TIl e Output Gai n s ho uld be r educe d a step at a time until the li~l t goes ou t. 
I f the ligh t s till glows af ter the Xl posi tion is reach e d, th e Sensi ti v i ty 
switch should b e rotat e d clockwise. 

Output overload can also occ ur ,,,ith a n on- scale me ter readin g. This can hap­
pen if t he Time Constant is set t oo 1m" to allm" s ufficient fi l t e ring of p eak 
voltages from the Phase Se nsitive De t e ctor . The remedy is to simply i n c r ease 
the Time Constant set ting, and / or swi t ch from 6 dB / oc t a v e to 12 dB/octave . 

Inp ut overlo a ds ahead of th e signa l ro l loffs can only be eliminated by using 
a higher setting of the Sensitivity switch. Overloads at t h e input of the 
~li xer c a n b e elimi n a t ed by e ith e r cll anging sensitivity a nd/ti r setting the 
s i gnal ro lloffs to obt ain a hi gh er degree o f re j ec tion of um"anted sign a l s. 

Ove rl oad recov e ry time can be sign ificant ly r e d uce d by avoidi n g th e us e o f 
t he HI N. set t i n g for the Lm" Fre que n cy Rol loff swi t ch. 

SPECIAL CONS I DERATI ONS 

Gro un ding : The preamplifiers all h<1ve two me a ns o f re j ec tin g unwante d sig­
n .:l ls cl ue to ground- loop c urren t s . Th e mos t effec tive p r oper ty of th e pream­
p] i fi e r s is their e xtremely high common mode r ej e ction wh e n us i ng th e A-B in­
pu t mode; t h <1t is, <1 lmos t tot a l r e j ecti on of unwant e d s igna l s which a ppear a t 
both inpu t s at the same phase and amp li t ude. The other prop e rty is a unique 
arran geme nt of t h e grounding of th e preamplifier within the Mode l 126 main-
f r <1 111 •• 

A g r o und l oop is a conduction path ( Fi gu re I V-IS) aro und t h e si gn a l ground 
a nd chass i s gro und. Current in th e loop is ca used, usually, b y e nvironmental 
e lectric a nd magn et ic f i elds t hat cu t th e loop , th e most not o rious being a t 
the power-lin e freq ue n cy. I n additi on to i n d uce d curren t, other sources o f 
c urrent a re galvanic act i v i ty, sligh t di fferences of po t en ti al b e a "ee n th e 
chassis gro unds of th e signal s ource and preampli f i er , e tc. This ground l oop 
cur r ent develops voltage in the signal ground resistance and this voltage can 
be amplified a l ong wi th the sign<1l if s t ep s are no t t <1k e n Lo p r e vent t h is . 

P . i\ . R. preamplifiers can greatly re j e ct ground loop voltages even ,,,he n oper­
ated with a sin gle-end e d input (A only, for i ns t ance ). TI1e pre amp l ifiers 
have a 10 ohm res istor bea"eenthe signal input BNC connectors ' outer she l ls 
and ch as s i gro und across whic h nearly th e e ntire ground loop v o ltages ap­
peiJr . Amplific..lt i on is with respect to s i gna l g r o und (which is v e ry n e arly 
identical a t each e nd of the shield of the cable b ecause o f this scheme ) and 
gro und l oo p vo ltages are thereb y excl uded t o a large de gr ee . 
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Figure IV-16 represents a typical sit uation us-Lng th e di ffereutia l inpu t s 
(A - B) of a preamplifier. Inth t h is connection, e ven the r e mainder of the 
g r o und loop voltage , whi ch appears at e qual amplitudes at both signal t ermi­
n a ls, is r ejected. The differe ntial inputs are suc:h th at A i s amp l if i e d \vith 
rt' s pe't t o Il ;md not to ground. Since both inputs are very high imp edance 
c ompared to th e wires connecting them to the signal, there can be no c urrent 
loops to cause t h e vo ltage at the preamplifier inpu ts t o be any different 
than th e volt age at th e signal source. 

Pmver Line Interference: Operation at the power line frequency is no t recom­
mended for lmv level measurements. Although much care has bee n take n with 
the internal design of the Hodel 126 a nd the preamplifi e r s (line freq ue ncy 
voltage due to internal pmver supply is less than 20 nV rms referred to th e 
DLrec t inputs of a Mode l 116 Preamplifier) it i s diffi c ul t to adequate ly 
s hj e ld th e experiment's s i gnal source to ma intain such a low pi ck- up level. 
Opera'tion a t any h armoni c fre quency of th e power line, from ab out th e second 
through tenth, also requires more than usual care in shielding. 

4 . 4 REFERENCE CHANNEL 

HODES OF FREQUENCY CONTROL 

I NT/VCO : The freq uency of the internal refe rence os c illator is se t by a com­
bina t ion of the digital dials and th e range switch. The digital dials may 
no r ma lly b e set a ny\vhere from 0.2 (wh ich yie lds 20 Hz on the XIOO band) to 
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10 . 0 (glvlng 1 kll z ) . III addition, all ADD 10 contro l which is co ncentric on 
the same band \ ... ith the units dial can be used with th e di gital dials t ef­
f ec tivel y ex tend t h e rang.2 from 10 . 0 through 20.0. 1. 5 kllz on th e XIOO band, 
for i ns tance , is produced by setting the contro l s for 5 .0 and I\DD 10 . Alte r­
nately, th e X lk band cOl lld be use d wi th cli g:l. ta l settings o f 1.5 ( NO RM. / i\lJD 
JO sHitch se t to NORH.) . 

Th e VCO me thod is opera t ed i n conjunc tion with th e digi t a l dials a ccording to 
th e follm.}ing relation : 

f reque ncy = (Digital Dial Sett i ng + 2 x VCO volt age ) x Band Set ting (3) 

The nomogram shmvn in Figure IV-17 can a ls o b e used t o determine th e effec­
tive dial sett ing Hhi ch can t h en be mUltip l ied by the band se tti ng t o arrive 
at th e frequency . 

Sllppose it is des ired to have t h e oscillator scan from 500 Hz to 1.5 kHz and 
bLlck repet itive l y at a uniform rate of 10 lIz per seco nd , \-/hat dial se ttings 
and input voltage Hould be req~i red? One possibility Hould b e t o se t th e 
dials to 5.0 , XIOO and feed in a triangle wave Hhich has peaks at 0 V and 
+5 V. \~hen the tria ngle wave is a t 0 V, a fr eq uency of 500 Jl z i s ob tained; 
when the triangle Have is at +5 V, it can be seen from Equat ion (3) ~l a t 1. 5 
kl!z is prorl uce d. Since a 5 V change in the veo input voltage causes a I kH z 
fre q ue ncy change on this band, this change sh ould be produ ced over a time of 
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100 seconds i n order to achi eve a 10 Hz pe r s econd slew ra t e so t ha t th e to ­
t a l period for the complete triangle -wave should be 200 seconds. 

EXT: A sophisticated tra cking circuit automatically locks the internal r e f ­
erence os ci lla t or to both the f requency and phase of an ex t e rnal waveform fe d 
into th e Re ference Ch anne l IN connec t or (s ee subsection 2.2 , Specifications) . 
Two conunon si tuations exis t which demand ope r a tion of th e -Model 126 in th e 
EXT. mode : wh en an ex t erna l freq uency reference must be used but does not 
have a \vaves hape suitable f or excitin g th e experiment, e . g ., a train of nar­
rmv pulses. An d wh en the s ine wave availab I e from th e Model 126 is no t ap­
propriate to drive ce rtain experiments s uch as those r equiring a great deal 
of power so that exte rna l r e f e rence drive equipme nt havi n g t h e necess a ry 
cha rac t eristics i s employed. The Model 126 should th e n be locked to the ex­
t e rnal equipme nt, unles s, of course, th e e xteTna l equipmen t itself can be 
locked t o t he Mo deJ 126 operating in the INT /VCO mod e . 

l l1 e Re ference Unlock lamp indicates that the tracking ci rc uitry is not locked 
to t h e ex t e rnal freq uency. Acquisition times vary accor4ing to t he band set­
t i ng and ac·cording to the difference between th e externa l fr eque ncy and the 
f r equency of th e i n t e r nal oscillator . Table II- 2 in th e Specificat ions sec­
tion s h ows both t he f requency range ove r ",hi ch the tracking circuitry will 
pe rform wel l for each band and the maximum t i me t o lock to th e ex t e rn a l r ef­
erence. By op e rating in the INT /VCO mode for a momen t at th e approxima t e 
frequ e ncy of th e external reference , th e internal os c il lator can be preset , 
gr ea tly r educing the acqui sition time whe n ope ra ting on th e lower b ands. 

The freque ncy of t he external generator must not change more rapidly t han the 
Model 126 can track i t (see Figure I I -I). Provided the Refe rence Ch a nne l 
main tains a fixe d frequency and ·phase re lationship with th e signal, detection 
i s es sentially t he same as for fixe d fr equency s i gnals. 

It can be seen that there is considerable ove rlap of th e fre quency r anges of 
the bands . This often makes it poss ible t o ope rate on ei th e r of two, or even 
thr ee bands for a given frequency, e . g ., 2. 1 kHz on the XlOO , Xlk, or XlOk 
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banJo If the' externa l frequency h a nges rapidly, it may be nece ssary t o op­
erate on t he hi ghest band ,,,hich covers th a t freq ue ncy since th e s l ewing rate 
is very much grea ter on the hi ghe r b a nds. 

In ei t her o f t h e external modes, there is no of fs e t produce d by a change in 
synune t ry o f the synchronizing i nput waveform no matter h ow great th a t change 
might be. Response of the Phase Sensitive Detector to harmoni cs is given i n 
Table IV-1 on pa ge IV-2s and is also not affected by any ch ange in symmetry. 

E~·: T. f/2: Operation of the Reference Channel in this mode i s essentially the 
same as for the EXT. mode except th e internal oscillator locks to twice the 
f reque ncy o f the ex t ernal referenc e . The maximum inp u t f req u n c y in thi s 
mode is 105 kHz. 

111is mod e makes it possible to immediately take direc t measurements of sig­
na l s at the second harmonic f requency of the ex te rna l r e fe rence. 

' Special Considera tions : Very high speed circuit ry is emp loyed in t he exter­
nal mo des of operation in order to reduce the phase di fference between the 
in t ernal os cil~ator and the external' reference to an ab s olut e minimum even at 
the maximum operating frequency o f 210 kHz. For this r e ason , some care 
s hould be taken to insure that the "frequency" actually fed into the Refe r­
ence Channel is the desired frequency and not something high er. One way o f 
inadvertently introducing additional cro'ssings of the mean is to conne ct a 
\v aveform wi t h very fast rise-fal l times to the 'Refe rence Ch a nne l input with­
out properly terminating the interconnecting cable. Improper termination 
co uld p roduce r i nging \vhich would b e interpreted by the Model 124 as a higher 
f r e quency than t he operator expected. Ano ther way of intro du c ing additional 
c r ossings of th e mean i s t o allow i nterference f r om mot ors , li gh t switches, 
or any spark gene ra ting electrical e quipment t o cont amin a t e th e ex t e rnal ref ­
e rence. Use of shielded cable to the Reference Channel input should prove 
h e lpful. \.]henever possible, the l evel of the e xternal re fe r e nce should be 
several volts so as to be large compared to any unwanted i nte rference. 

PHASE CONTROLS 

The high resoiution potentiometer covering a range of 0 to 100 degrees in 
COil j uncti on \"i th the Qua drant swi t ch determines th e ph ase of the synchronous 
de tection proces s with respect to the Refere nce Channel output (and input 
wh e n us ing the external modes). 

Th e Phase Sens i t ive Detector produces a dc outp ut prop ortiona l to the compo­
ne nt of th e s igna l a t the phase s e t on th e controls. \\llt e n the con t ro ls are 
adj us t e d for maximum meter indication, th e ph ase of th e signal c an b e read 
from the co n trols wh ile the ampli tude of the signal can be read on the meter. 

Quit e often, meter fluctuations due to noise cause diff icu lty in finding the 
setting which gives a maximum reading. When this is the case , it i s normally 
mor,e accura t e to adj us t for a null output which o c curs when the controls are 
set at e ither plus or minus 90 degrees with resp ec t to the phase of the sig­
nal. It is then a simple matter to s\"itch to the ad jacent qua drant which 
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figqre IV-IS. TYPICAL ACCURACY OF THE PI-lASE CONTROLS 
(20 Hz to 20 kHz) 

yields the positive deflection on the me ter and read th e ph ase f rom t h e con­
t roIs. 

Absolut e a cc uracy and resolution of the phase con trols a r e desc rib e d in th e 
Specifica tions, s ubs ec: tion 2.2. Ty pical acc uracy of th e ph as e controls is 
s hown in Fi gure IV- IS. Beyond th e freque ncy r a nge given ( 20 Hz to 20 kHz) in 
th e fi gure, the phase controls may not indicat e the actua l phase of the sig­
nal beca use o f phase s hifts intro duced in the Signal 01 a nnel a t extreme fre­
q ue ncies . Even at middle freque ncies , it sho uld b e no ted that t h e settings 
o[ the LO\. a nd Ili gh fr eq ue ncy Rolloff con t rols can have an ef f ec t on the 
phase of th e s ignal. A calib ration can eas ily be made at any f requency by 
co nn ect ing the preamplifie r input to the refe r e nce drive at th e experiment 
and adj us ting the phase controls for a maximum output. The phase controls 
then i ndi cate the net phase shift in b otll t he Signal and Reference Channe l s. 
TIlis shift is then subtracted from a ny experimental phase r e adings take n 
while operating at that particular freque ncy. 

OUTPUTS 

The Reference 01annel OUT connec tor provides a sin e wav e outp ut at the inter­
nal oscillator freque n cy . The amplitude can b e varied from "zero " (actually 
a few microvolts minimum) to 1 volt rms by adjusting th e l ogar ithmically ta­
per e d Level potent iometer . The · settings corresponding to various nns output 
amplitudes are marked on the front panel. The output i mpedance varies from 
about 1 kilohm to 1.6 kilohm depending on the set t ing. 

Instruments with the Power Amplifier Option installed produce a n output level 
o f a fact or of ten greater than th a t shown on the front panel, i.e.) 0 to 10 
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volts nns . Th e o utp ut imp e dan ce i s f i xe d at 600 oh ms r e gard l ess of the se t ­
ting of t h e Leve l con t r ol. A s tnnda rd Hodel 126 c an b e co nver t ed t o inc lude 
the Powe r Ampl i fi e r Op tion by me r e] y c h a n g i ng th e Pow e r S upp l y Board t o one 
wll i ch h3s til e Op tion ins t a l l e d on 1 t . No ch assis '..J i ring c h a nges are neces ­
sary. 

4 . 5 1'llt\SL: SENSITIVE DETECTOR AND OUTPUT STAG ES 

FUNCTIOt~-~!ODES OF OPERATION OF TltE DET ECTOR 

I)!lase Sensi t i v e Dete ctor (PSD ): Ivll e n t il e Fun c ti on s witc h i s i n a ny of th e 
t h r ee PSD posi t L m s , th e ~lo de l 126 op erates a s a Lock- I n Amp l i fi er . As s t a t ­
l'd j n s ubs e c t i on It. 3, th e l310c k Diagram an c Fro nt Panel Layo u t discussio n , 
l h e de t ec t o r convo] u tes th e sign a l fr e q ue ncy in such a way that t h e o u t p ut of 
t h e dJt ec t o r i s t h e S UIll a nd di f f ere nce fre que n cies o f th e s i gn:11 and th e r e f­
l' l-en c e . It can be see ll t h e n, that i f the sign a l a nd th e re f e r e n ce are a t t:l e 
s ame f r eq ue n cy, wh i ch i s normal, one of th e o utpu t freq ue n c i e s o f th e de te c­
t o r is z e ro or simply dc. Noise or o the r i n t e r f e r enc e i s no r mally n o t e xac t­
l:L a t the same fr e quency as th e: "' i gn a l and the r e f o r e canno t prod uce zero fre­
que n cy a t th e outp ut of the de t ec tor. Th e d c '."hi ch i s p r od uce d i s propor­
tion a l t o th e amplitude of th e in":'ph a s e compon e n t of th e s i gn a l a n d is sent 
th r o ugh th e l ow pas s fil t e r s o f the Output S t :1ges t o drive t h e mete r and t he 
vari o~s o u t put c onne ctors. 

Th ere i s no d c o ut put produced b y the compone n t o f th e s igna l wh i c h i s in 
q ua drature ph as e with respect t o di e r efe r ence. The d c ou t pu t d ue t o a sin e 
wave signal o f a mplitude A and with a ph ase diffe re n c e 0 wi th r e sp e c t to t h e 
r e f e r e nce is r e l a t e d b y th e fol l owi ng : 

DC VOLTAr.C = 1\ cos 0. 

S ince t h e ph :1s C o f the r e ference drive t o th e de t ec tor can b e indepe nd e n t ly 
va r ied b y th e front panel Ph ase controls, 0 c a n be adjus t ed to a ny value. 

To b e more p re ci s e, t h e refe r ence inp u t to th e de t ec t o r is ac t u ally a s q ua r e 
\"ave compos ed of a ce rtain ampl l tude of fundame nt a l fr e q ue n c y f , a nd . les s e r 
a mpl i tude s o f all th e o dd harmonics - th i rd h a rmoni c at 1 / 3 t he a mp li t ude , 
f ifth harmoni c at 1/ 5 the a mplitude, s e venth harmon i c :1t 1/7 the a m litude , 
e t c . TIl e re fo re, if the inc omi ng signa l has any odd harmo nic componen ts, t h e 
de t e ctor wil l a lso convert them to dc a L its o utput , s inc e th e ir di ff e r ence 
wi th r C8 pe c t to the corresponding harmoni cs 0 f. the re fe r e n ce i s ze r o. How­
e v er , b ecaus e the detector's output i s actua lly the produc t 0 f its two in­
puts, the dc produce d by harmonic si gn als i s less th an th a t pro duc e d b y t h e 
fundamental. In fact , the res ponse of the de t e ctor to t h e odd h armonic s i g­
na l s i s only 1/3 for third harmo nic s igna l s a nd simi l arl y s ma ller fo r t he 
high e r orde r e d h a rmonics . 

Gle at care has been tak e n to minimize the detect or's r e s p onse t o e v e n h armon ­
i cs . The t ypi ca l harmonic r es pons e when ope r atin g wi th maximum Si gnal Chan­
n e l b a ndwi d th i s shown in Table IV-I . Reducing t he High Fr e q uency Rol l off 
se tting c an s ignif i cantly diminish th e r e sp ons e to h a rmoni cs. 

ACVH : \.,Then t h e Func t i on swit ch s i n t h e ACVM position, th e Mo de l 126 oper-
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PHASE SETTING 

Harmonic I 0 0 90 0 180 0 270 0 

2nd 0.15% 0 . 5% 0 .2% 0.5 % 

3rd 35 % 35% 35% 35% 

4th 0.13% 0.55% 0. 25% 0.7% 

5th 15 % 15 % 15 % 15% 

Table IV-l. TYPICAL HARMONIC RESPON SE 
OPERATING HI TH MAXIMUM SIGNAL BANDHI DTH 

ates as an ac vo ltme t er with certain advantages ove r a conventional acvrn. 
For one, the voltme t er can be more fre quency selec t ive by adjustin g the band­
width of the Signal Channel Rolloff controls. Also, the meter res ponse time 
~3n b~ easi l y adj usted over a wide 'range by use of the Time Cons tant swit ch 
permi t ting accurate meas urements of fluctuating signals. TI1e meter circuit 
h?s a " c r est factor " (ratio of peak amplitude t o r ms amplitude) grEa t e r than 
fi ve , allowing measurement of signals h aving s mall av rage and la r ge peak am­
pli tudes without overloading. TI1 e accuracy of the ACVM is ±l% from 2 Hz to 
20 kHz, increasing to ±10% at 210 kHz; +0, -30% be low 2 Hz. 

Phase Me t er Option: The Phase Me t er Option, whi ch may be switched on by a 
oggle switch on th e r ear pa nel, enables direct readou t o f the phase of any 

sy mmetri~a1 inp \lt signal . Th e me t er deflect i on is a maximum o f plus or minus 
90% of full sca l e on the XIO position of th e Fun ct i on swi t ch , cor r esp onding 
t~ th e signal being exac tly in-phase or exactly out-of-ph~se with the setting 
of th e front panel Phase controls. For instance, if the Phase control is set 
to 90 0

, the meter will read th e ph ase of the s i gnal with res~ect to the Ref­
erence Channel Outp u t wi th 0- to-90° l ead presented linearly as 0- t o-90 % on 
U,e po s itive meter scal e, and 0-to-90° l ag presen ted on the nega t ive meter 
sectle. 

13 ,'loh' 10 kH z . tIlL' S,' nsitivity s\vit ch Ciln hl' se t t o 100 !JV for al l signal le v­
c' l s 1rom ;\ fL'\V microvo lt s to the ove rload ' point (\vhi c h is monitored by the 
Uve rl oa d l.amp) ;"Il approxima tely 70 mV. At higher fre q uenc i es , be tter results 
can be ob t ai ned by s e t t ing the Sensitivi ty swi tch to th e approximate leve l of 

he input signal. In a ny case, the meter indicat i on i s relatively unaffected 
by 3mp l itude . 1\t midrange freq ue ncies , for example , the phase ind i cat ion on 
the 10 mV se tting of ~le Sensitivity switch is nea rly constant wi th i nput 
levels rallg in g from abo ut 50 IJV to 70 mV, assuming, of co urse , tha t the phas e 
of th e s i gnal is he ld constant at all levels . 

OUTPUT GAIN / NONCOllER ENT SIGNAL OVERLOAD 

\,Then ope rating th e Model 126 as a Lock-In Amp lifier , i. e ., in one of the PSD 
positions o f the Funct ion swi tch, th e l eas t amount of Output Gain sho uld be 
employe d. The a t ual f ull scale Sensitivity is affected by t he Out put Gain 



10 2 

METER 
DEFL~IONO~~------------~--------------r-----------~------
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- 27a:' sa:' 

PHASE OF SIGNAL RELATIVE TO PHASE CONTROL SETTING 

Figure IV-19. METER INDICATION AS A FUNCT I ON OF 
PHASE DIFF ERENCE BETWEEN INPUT SIGNAL AND PHASE CONTROL SETTI NG 

se t tin g so that, for example, 1 mV full scale can be ob t ai ned b y s e tting the 
Fu ll Scale Sensitivity switc h t o 1 mV a nd th e Outpu t Gain to Xl, or by s et­
t ing the Fu l l Scale Sensitivity switch t o 10 mV a n d th e Out p ut Gain t o X10, 
or fi nally , by using se ttings o f 100 mV and X100 ( a ll se ttings based on us e 
Jf a Mo de l 1 17 Preamplifier) . 

This ability t o manip ula t e the distrib ut e d ga i n in th e i nstrume nt h as b een 
incorpora t ed i n th e design so that t he pe rformance can be ma de optimum for 
va rious signa1-to-noi se r a tio conditi ons of t he in coming sign al. For r e l a­
tively c l ean signals, where the n ois e and other n oncohere n t vo l t ages a r e not 
greate r th a n lhree times th e r e quired full scale s e nsi t ivi ty, th e Xl Output 
Gai n se tting can be us e d. This r es ul t s in an e xt reme l y stable outp ut zero 
s i nce th e tempe r atur e d e pe n dent drift of th e dc amplifiers has minimal amp li­
f ication. If t h e s ignal is very s mall compared to the non coherent vo l tages, 
lowering t h e Full Scal e Sensi tivity switch so as to ob tain a greater meter 
def le c tion may ' r es ult in overload of the ac ampli f i ers in the Signal Channel. 
I n this case , the use o f a hi gh er Ou t put Gai n \"i1l boost th e d c ou tput of the 
ins t r ume n t a nd, th us , the me t er indi ca tion, with out causing the Signal Chan­
nel to ove rload . The drift in the dc amp li fie r s will be ma gni f ied, howe ver , 
s o t h at the output ze ro will n ot b e as stab le unde r thi.s condi t ion. The re­
l a t ion b etween Output Gain, stability, and overload· capab i lity is given in 
subs ection 2 . 2 , Specifica tions . 

'nle Hode l 1 26 tol e rat e s noncoh ere nt signa ls unus ua lly well. l11 e presence of 
large n onsynchronous sign a ls produces only a s l ight s h ift in the output zero 
o f the Lock-In Amplifier as s hown i n Figure IV-20. 

OU TPUT FILTER MODES - TIME CO NSTANTS AND I NTEGRATOR 

Th e convent ional f unction of th e Output Sta ges is to operate as a low pass 
f ilte r, rejectin g all componertts at the ou t put of th e De t ector except the dc 
vo l t age (\vhi ch is proportional to th e in- phase component of the sign a l of in­
teres t) . The Output Stages of the Mode l 126 have t h e addi t ional capabili ty 
of pe rformi n g a true i nt egration of the Detector ' s o utput . A Normal /Hold 
switc h and a pushbutton Res et switch prov i d e full co~ trol of th e Outp u t Fil­
ter i n e ithe r t h e Lmv Pa ss Filter o r th e True In tegrat e mode; 
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Fi gure IV- 20 . OUTPUT OFFSET DUE TO NONSYNCHRO NOUS SIGNALS 

Low Pass Filte r: The f i lt e r can be op e r a ted e ither singl e s ecti on with a 6 
dB/oc tave ro lloff r ate , or double section with a 12 dB/o ctave r ollo f f rate as 
se l ec ted by th e i nner concentric knob 'on the Time Constant s \vi tch. The outer 
knob s e t s the time cons t an t of ea ch sec tion simult aneously \v i th a r an ge of 1 
ms t o 300 s plus HIN . (slightly less than 1 ms ) and EXT. \,,7hi ch permi ts the 
us e o f ext e rna l cap acitors to de t e rmine the time cons t an t. 

The Time Cons t an t sIVi tch should be s e t s o that the ou tp ut , as r e ad on th e me­
ter or on an ex t erna l monitor, is as noi se-free as require d . I n general , 
signa l s whic h are contaminat ed by l a r ge amounts of noise nea r the s i gn al fre­
quenry req uire larger t i me constan t s. In many cases , where th e charac t eris­
tics of t he noise are k nown for f reque nci es nea r th e s i gn <ll f r e qu ncy , th e 
noise vol t age r efe r re d to the input can be de te r mined fo r any given time con­
s tan t by one o f th e following relations : 

wh e r e e n i s th e 
TC is the 
En is the 

f o r 6 dB/ octave 

for 12 dB / oc t ave 

I 
noise voltage at input in vo lts/H z~, 
Time Constant in seco nd s , and 
output noise in volts referred to th e i np ut. 

The t e rm ins ide e ach radical is referred to as th e "eq ui valen t noise band­
\v t dth" o r E BW of t he Low Pass Filters. 

For exampl e , s uppos e that a I mV signal is being me asured wi th t he controls 
se t for a 1 mV full scale sensitivity. Also suppose that 10 mV of noise, oc­
c ur ring ove r a frequency range which includes th e signa l freque ncy , i s pres ­
ent a t th e input. If it i s known that the noise has a ch ar ac teris tic value 

I . 
o f , s ay, 100 ~V/Hz~ 1n the region near the signal fr equency , the e ff e ct of 
th i s can be r eadily calcula ted. Using a typical setting o f 6 dB/o c t ave and a 
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lime cons tan t of 1 s , th e above equation gives the followin g: 

100 pV A,~ 
En = 1Hz V~(l;) 50 jJV nns 

A co nsiderab l e improvement in the signa l to noise ratio i s c l early eviuent. 
Th e signa l Lo noise ra tio at the input is, of course , 1 mV:lO mV or 1: 10 . · 
Af t er proces s ing, the noise is r e duce d t o a level of 50 pV r e f e rred to the 
input f o r an e ffec tive signal to noise r at io of 1 mV:50 )JV or 20:1. The im­
proveme nt i s a facto r of 200 by simply in troducing a one second t i me c nstant 
i n th e signal pa t h! 

As s hmm i n Figure IV-21, the 6 dB/o c tave filter e xhib i ts a J dll atLenuation 
.-Jt 1 / 2nTC on t he frequ e ncy axis. On th e time axis, it has a step-fun c tion 
respo nse of 1 - e - t / TC seco nds . The rise time fro m 10 % of f ull amplitude t o 
90 % of full amplitude is 2.2 TC, and from 0 % to 95 % i s 3 TC. 

Also as s I1mvn in Figure IV-2l, th e 12 dB/octave filt e r has a 6 dB a ttenuation 
a t a f requency equal t o 1/2nTC. On th e time axis, it has a step-function re­
s pons e o f 1 - (1 + t/ TC)e- t / TC . TIle'rise time from 10 % to 90% of full ampli­
Lude i s J . 3 TC , and from 0 % to 95% is 4. 8 TC. 

I~x t e rnal Time Cons tant: For special int ermediate values o f time cons t a nt or 
for va lues in excess of 300 seconds, place th e Time Cons tant switch in t he 
EXT. position and co nnect a pair of capaci tors of equal value be tween pins 
8-9 and 10-11 o f th e r ear panel oc tal socket. To dete rmine t he time cons t ant 
for th is ex t erna l mo de , multiply the single capacitor val ue ( in Fa rads) by 30 
megohms . Th e capacitors should be low-leakage f ilm t ypes (mylar , polycar­
Gona re, Polys Ly r e ne, or teflon, but not e l ec t r oly ti c or tanta lum) rated at 25 
vol t s or hi gher . 

Integrator: Placing the inner concentric Time Const ant control to th e cent e r 
pos i tion enab l es the Ou tput Stages to integrate the output vol tage from the 
De tector with respec t to time with th e follmving characteristics : 

f
t 

1 1 
TC E dt = TC Et, 

o 

where E i s ' the voltage which would be obtaine d if the Lock-In Ampli­
fier we r e use d in the more co nventional mode wi th th e output stages 
operating as simple dc amplifiers rather th an as an integr a tor. That 
is, 

E 
input signa l voltage x cos ~ 

Full Scale Sensitivity 

o is the ph ase of the signal with respect t o th e ph ase of the refer­
ence drive to the de t ector . 

In pL.lin languag , th e eq uations indicate that if t he Model 126 is operated 
;l!; <t l'otlvcnLion;l1 Lock-In Amplifie r meil s uri ng i:I signal \vhi ch i :. say , 10% of 
full sca l e , the s ame o utput i nd ica ti on, 10 % of full sca l e, wou l d be obtained 
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by o p ~r; l ! illg j n the Illtegrate mode for a perioJ of time e qual Lo o ne time 
co ns t i.l nt. If th e integri.ltion time were maJe equal to 5 time con s t a nts, then 
th e output indication would be 50% of full scale. The integration time can 
b e c ontrolle d by r leasing the Reset pushbutt o n a t time t = 0 an d t h e n plac­
ing the Normal/Hold switch to Hold at the end of t he desired time. If the 
input amplit ude varies during th e integration time the final voltage is based 
on the average signal amplitude multip lied by th e number of elapse d time con­
s tants . 

OUTPUTS 

The fin Al dc o utput voltage, after al l process ing, is availab le at a front 
pane l BNe connector lo ca t e d near th e Function switch . Plus or minus 10 vol t s 
dc corresponds to plus or minus f ull scal e; th e output impedan c e is 1 kilohm. 
l11 e same voltage, through a separate 1 ki l ohm impedance, is also available at 
the rear panel Reco rder binding posts. Loading either outp ut will no t affect 
the vol tage a t t h e o th er , nor will it affect the meter i ndj cation. 




