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John Michael Klebba 

ABSTRACT 

The purpose, of this investigation was to 

construct the experimental apparatus for measuring second- 

order intensity correlation functions of the type 

r2'2(x,t,x,t+x)=<:I(x,t)I(x,t+x):>. This measurement was 

applied to the radiation field produced by a two axial 

mode Helium-Neon gas laser in order to verify the 

intensity fluctuation correlations due to the beating of 

the two axial modes of the laser. The axial mode separa¬ 

tion was measured for comparison with a scanning Fabry- 

Perot interferometer and also an RF spectrum analyzer. 

The correlation measurement was also applied to the second 

harmonic radiation field produced by the. parametric inter¬ 

action in a LiNb03 crystal pumped with two axial modes. 

The experimental determination of the correla¬ 

tion <:I(x,t)I(x,t+x):> involves a time-spectroscopy 

measurement in which one photon is detected at point x, 

and another at point x, x seconds later, and measuring the 

probability of two-fold coincident detection as a function 

of x. The radiation field was split into two beams at a 

partially transmitting reflector, each of which was 

directed incident on the photocathode of a photomultiplier 

tube. The photoelectron pulses from the tubes were 

amplified and standardized. These standardized pulses were 

then temporally correlated with the use of a time-to- 

amplitude converter (TAC) and a multi-channel pulse height 

analyzer (PHA). The time-to-amplitude conversions 



generated by the TAC were stored in the channels of the 

PHA, which was a direct measure of the two-fold delayed 

coincidence detection rate, R(x). The second-order 

intensity correlation functions <:I(x,t)I(x,t+x):> are 

determined from measurements of R(x). The fluctuating 

components of the second-order intensity correlation 

functions were found to be in agreement with what would 

be expected on a classical basis. Correspondingly, the 

capability is demonstrated of the experimental apparatus 

measuring a quantity relating to the second-order 

intensity correlation function. 
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CHAPTER I 

t 

INTRODUCTION 

The field of optics has undergone a relatively 

recent change with the development of detectors which 

respond significantly to individual quanta of light. 

Their availability has allowed the investigation of the 

corpuscular character of the electromagnetic field in the 

optical region. Previously available optical detectors 

had a measurable response only to large numbers of photons 

and were quite slow in their response, so that we measured 

only intensities which had been averaged over relatively 

long periods of time. The new detectors make possible more 

subtle measurements than just those of time averaged in¬ 

tensities. For example, we can consider an experiment of 

the counting of pairs of light quanta, and measuring the 

probability that the quanta are present at a certain pair 

of space points, at a certain pair of times. The measure¬ 

ment of this probability is a measurement of what has been 

defined1 as the second-order intensity correlation 

function. 

Correlation functions of a stationary optical 

field offer information concerning the nature of the 

radiation field and also the nature of the source1-4. 

The most elementary type of correlation function is that 

which is measured with an interferometer. It involves 

sampling the optical field strength (for instance, the 

electric field E(x,t)) at two space-time points and 

1 
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forming the mean value of the product of these field 

strengths. In classical terminology this type of 

correlation function is refered to as a second-order 

correlation function since it is formed by the product 

of two field strengths. 

A classic experiment which is a measure of the 

second-order field strength correlation function is the 

Young experiment (Fig. 1-1). 

• FIG. 1-1 

a is a source of optical radiation, Ej is an opaque 

barrier with pinholes at Pi and P2, and Z2 is a screen 

where observation occurs. An optical field described by 

a complex vector function1 E+(x, t) which is present at 

P at time t may be approximated by a linear superposition 

of the fields that were present at the two pinholes at 

earlier times: 

E+(P,t)=k1E
+(x1,t1)+k2E

+(x2,t2), (1) 

where the times are given by t, =t-S. ,/c. The 

coefficients k!,k2 depend on the geometry of the slits 
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and the location of P, but are independent of the 

properties of the field. 

We assume that a photo detector placed at P 

measures the squared absolute value of some component 

of the complex field strength, which we also assume to be 

equal to the intensity averaged over a period of time 

which is long compared with the period of an optical cycle. 

The time averaged intensity at point P is given by 

I(P)=E (P,t)‘E+(P,t) where the bar denotes the time 

average, and E is the complex conjugate of that compon¬ 

ent of the complex field strength E*". In terms of the 

vector field incident from points Xx and X?, then 

I(P)-|k2 j 2E (XX,t+Sj/c)*E
+(xx , t+S^c) 

+ |k2 | 2]i~ (x.2 ' t+S2/c) 

+2Re{k*k2E (Xj,t+Sj/c)*E+(x2,t+S2/c)}. (2) 

If the field is stationary5, then all average properties 

of the field must be unaltered by time displacements. 

In this case, Eq. (2) reduces to 

ITP) =T~(P) +17TP) 

+2Re{k*k2E
_(x1,t)•E+(x2,t+{S2-S1}/c)}, (3) 

where Ij(P), I2(P) are the average intensities at P that 

would result from either pinhole alone. 

The quantity E (xx,t)E+(x2,t+{S -St}/c) is 

defined1 as the second-order correlation function 
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r1'1(x ,t ;x2,t2+
x) where x=(S2~S1)/c. As long as 

r1'1(Xj,t ;x2,t +x) is non-zero, there will be inter¬ 

ference effects at the point P. If we define the normal¬ 

ized second-order correlation function1 as 

ii, x rl'1(x ,t;x2,t+x) (4) 

then Eg.(2) can be put in the form 

I(P)=Il (P)+I2 (P) 

+2{l7TP)}l/2{l7(P)}l/2Re{y1*1(Xj,x2,x)}. (5) 

Eq.(5) is known as the general interference law for 

stationary optical fields. 

If the assumption that the optical fields being 

measured are ergotic as well as stationary, then the time 

averages in Eg.(5) can be replaced by an ensemble 

average, since ensemble averages and time averages are 

equivalent for any ergotic, stationary random process5. 

Hence Eg.(5) becomes 

<I(P)>=<I1(P)>+<I2(P)> 

+2/<Ij(P)>/<I2(P)>Re{y
1'1(Xj,x2,x)}, (6) 

where the angular brackets denote an ensemble average, and 

I11 ' 1 (Xj /X2,X)=<E~(X1 ,t) *E
+(x2,t+x) >. (7) 

Higher order correlation functions of optical 

fields are experimentally measured with the use of photo¬ 

electric detectors. A description of the response of this 



type of detector to an optical field will be given in 

Chapter II. 

It is the correlation functions of second- 

order in intensity that are measured in this investigation 

since the mean value is formed of the product of two 

intensities (a quartic product of the electromagnetic 

field strength). These are actually fourth-order 

correlation functions in the previous language of this 

chapter. 

Second-order intensity correlation functions of 

the type < :I (x , tx) I (x2 , tj+x.) : > have been measured by 

Hanbury Brown and Twiss6'7 with the use of analog photo¬ 

multiplier signal-correlation apparatus, and also with the 

use of a coincidence counter that measured the two-fold 

joint probability of photon absorption at two different 

space-time points. Analog signal-correlation measurements 

do not directly8 give the correlation function 

<:I(xx,tj)I(x2,tj+T):>, and are only applicable to situa¬ 

tions where the optical field is strong enough to produce 

high photomultiplier counting rates. The use of a coin¬ 

cidence counter requires many calibrated lengths of delay 
A A 

cable to study <;I(xx,tx)I (x ,tj+x) :> as a function of T 

and requires a separate measurement for each value of x 

considered. 

Measurements of P(n,T), the probability of one 

photodetector registering n counts in a counting interval 

T, have also been made to obtain information relating to 
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second-order intensity correlation functions9. The mean 

square of the fluctuation of the number of counts observed 

in the time interval T, <(AnT)
2>, is related to the second- 

order intensity correlation properties of the optical 

field10. 

Frequency spectrum analysis of photomultiplier 

current fluctuations has also been used to experimentally 

measure second-order intensity correlation functions11. 

Provided that the optical field is stationary, the second- 

order intensity fluctuation correlation function can be 

related to the Fourier Transform of the square of the 

frequency spectrum of the photomultiplier current 

fluctuations 1' 4. 

However, it was found by Davidson12 that the 

desired measurement could be more easily obtained with a 

time-to-amplitude converter (TAC). Though the TAC output 

data is not, in all cases, as directly related to the 

desired correlation functions as the data obtained from a 

coincidence counter, the TAC accumulates data at a much 

higher rate, not requiring separate measurements for each 

value of x considered. Since the TAC processes individual 

photoelectron pulses, measurements can be made on very 

weak optical fields. Also, while detailed information 

about intensity correlation functions is obtainable from 

P(n,T) measurements, less data and computation are 

necessary to determine the correlation functions with the 

use of TAC techniques. 



CHAPTER II 

THEORY OF TWO-FOLD PHOTOELECTRIC 
DETECTION AND CORRELATION 

A. Two-Fold Photoelectric Detection 

A precise description of the response of a 

photoelectric detector to an optical field has been 

given13 15 by Sudarshan, et cLL, on the basis of a semi- 

classical analysis. However, the following heuristic 

argument, given earlier by Glauber16'17, leads to the same 

result and illustrates the proceedure for obtaining the 

second-order intensity correlation functions. Glauber's 

argument shows that the joint probability of two photo¬ 

detectors, one located at x , the other at x 2 , absorbing 

one photon at point x} at time tj within Atx, and another 

photon at point x2 at time t +x within Ax is proportional 

to the second-Order intensity correlation function of the 

optical field incident on the detectors. 

Consider two photodetectors, one located at x17 

the other at x2, illuminated by an optical field whose 

bandwidth is much less than its center frequency. The 

detectors absorb photons in the detection process which 

means in effect that the field being measured is the one 

associated with photon annihilation, the complex field 

E+(x,t). Details of the photoabsorption process are not 

necessary to describe the appropriate matrix element of 

the field operator. If the field makes a transition from 

the initial state |i> to a final state |f> in which one 

7 
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photon, polarized in the y direction has been absorbed, 

the matrix element takes the form 

<f|Ey
+(x,t)|i>. (1) 

The rate at which one photodetector records photons is 

proportional to the sum over all final states |f> of the 

squared absolute values of the matrix elements (1). 

In other words, the probability per unit time that a photon 

be absorbed by the detector, say, at point xt at time t:, 

is proportional to 

E|<f|Ey
+(x1,tx)|i>i

2, (2) 

'N + 
where Ey (Xj jtJ is the operator corresponding to the 

absorption of a photon of polarization y at point xx at 

time tj. 

The joint probability per unit time of each of 

the two detectors absorbing a photon from the field, one 

at point Xj time tx, and the other at point x , time tj+x 

within Ax is proportional to the square of the matrix 

element between the initial and final states of the field 

corresponding to the photon absorption process, summed 

over all final states of the quantum mechanical field- 

detector system. Thus this joint probability, 

p
2 (Xj ,t! ;x?^tj+x) Ax°= 

2 | <f|Ey+(xi,tx) •Ey
+(x2,t1+x) |i>|

2. (3) 

If the field is not in a pure initial state, but a 

statistical mixture of pure states, each one occuring with 

probability P(|i>), then Eq.(3) becomes 
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P 2(Xj,tj;x2,t1+x)Ax“ 

zl<f|Ey+(x1,tj)‘Ey
+(x2,tj+x)|i>|2EP(|i>). (4) 

f i 

If there exists a complete set of final states of the field 

and detector, then conjugate operation and summation over 

final states yields the form 

p2 (x.i 'ti '£.2 ' Axoc 

SP ( |i>)<i|Ey~(Xj,tj)Ey"(x ,tj+x)• 
i 

Ey+(x1,ti)Ey+(x2,ti+x)|i>. (5) 

The operators in Eq.(5) appear in normal order, that is, 

photon creation operators to the left of all photon absorp¬ 

tion operators. The operator Ey”(x,t)*Ey+(x,t) corresponds 

to the classical intensity of the field at x, time t. By 

using the density operator 3; defined as EP (| i>) |ixi | , 

Eq. (5) can be put in the form 

P2 (Xj,tj;x2,t1+x)Ax* 

Tr^Ey~(x1,t j)Ey (x2,t1+x) •Ey
+(x1,tj)Ey

+(x2,t1+x) 

«<:I(x1,t1)I(x2,t1+x) :> , (6) 

where the colons denote normally ordered operators and the 

angular brackets denote an ensemble average of those 

operators. 

From Eq.(6) it is seen that the measurement of 

a joint probability per unit time of photon absorption at 

two different space time points in general corresponds to 

a classical intensity correlation function measurement. 

The second-order intensity correlation function 

F2'2(Xj,tj;x ,t +T) is defined as 
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r2'2(x1,tj;x2,tx+x)= 

Tr^Ey (xx,tx)Ey"(x2,t1+T)Ey
+(xi,t1)Ey

+(x2,t1+T). (7) 

So the joint probability per unit time of the two-fold 

photoelectric detection P2(xx,tx;x ,t +T)AT is then 

proportional to r2'2(xx,t ;x2,tx+x). 

A more detailed analysis of the photoelectron 

detection process was carried out by Mandel, Sudarshan, 

and Wolf15 in which they characterize the photoelectric 

detector as a quantum mechanical system of electrons in 

bound states |^]3
> that make transitions to a continuum of 

unbound states |'^]c
> after absorbing a quantum of energy 

from the electromagnetic field. The electromagnetic field 

incident on the photodetector is described by its electro¬ 

magnetic vector potential A(x,t) which possesses a 

Fourier integral representation of the form 

00 

A(x,t) = /A(x,to) exp{-icot}dco. (8) 
— CO 

The probability is calculated14 for a detector making a 

transition from a bound to a free state by absorbing a 

photon from the radiation field. The development and 

details of the analysis are of considerable length and will 

not be included here. The analysis indicated, however, 

that the results of Glauber's argument were correct in that 

the photoelectric detector responds to the instantaneous 

light intensity incident upon it. Furthermore, it shows 

that the two-fold joint probability of two photodetectors 

absorbing a photon at the space-time points xx,tx,x2,tx+x 
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within time intervals Atj and AT was given by 

ajCSjAt1a2cS2Ar<:l(xx,tx)I(x2^tj+x):>. (9) 

a-lf2 are the quantum efficiencies of the photodetectors, 

are the surface areas of the detector cathodes which 

are irradiated, and c is the speed of light. 

Sudarshan18 showed the correspondence between 

the quantum mechanical description of the field in terms 

of a statistical mixture of states, and the classical 

description in terms of probability density functions and 

complex analytic signals. The previous contention was 

that classical statistical descriptions of the electro¬ 

magnetic field were valid only for fields with large photon 

numbers. From these results, Mandel and Wolf indicate19 

that a classical description of the field in terms of the 

positive frequency components of the electromagnetic 

vector potential and a generalized statistical weighting 

function are always valid, regardless of the strength of 

the field. 

B. Correlation Measurements With a Time-To- 
Amplitude Converter 

In section A. of this chapter it was found that 

the joint probability per unit time of one photodetector 

absorbing a photon at space-time point Xj,tj and a second 

photodetector absorbing a photon at space-time point x2, 

t1+T within a time interval AT was proportional to the 

second-order intensity correlation function 

F2'2(Xj,t ;x2,ti+T) of the stationary optical field 

incident on the two detectors. The response of the photo- 
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detector to an incident stationary optical field was 

shown. In particular, the probability of a photodetector 

absorbing a photon at position x and time t within a time 

At is acSAt<:I(x,t):>. If the radiation field is station¬ 

ary as discussed in Chapter I, then the ergotic principle 

can be invoked so that time averages are equal to ensemble 

averages. In this case, 

T2 ' 2 (Xj , tx ;x2 ,ti+x) =c :I (Xj , tj) I (x^t^x) : > . (10) 

From these results and Eq.(9), a measurement of 

the joint probability of the two-fold photon detection is 

related to the intensity correlation function, 

d(x ,t )I(x ,t +x) ;>, of the incident optical field by 

the equation 

P2 (x,,tx;x2,tx+T)AtjAT= 

ajCSjAt1a2cS2Ax<:i(XJ,tj)I(x2,tl+x):>. (11) 

Eq.(11) is simplified by substituting the identity 

I(x,t)=<sI (x, t) :>+Al(x,t). (12) 

Hence Eq.(11) becomes 

P2 (-i 'fci ;^2'
ti+T)At\Ax= 

a1cS1a2cS2At1 Ax< :I (x^ ,tx) : >< =1 (x.2 , t x+x) : >{1+X (x) } , (13) 

where 

X(x) 
_<:Al(x1,t1)Al(x1,t1+x):> 

(14) 
< :i (xi , tx) :>ci(x2,t1+x) :> 

X(x) is the normallized second-order correlation function 

of the intensity fluctuations of the optical field, and 

depends only on xj, x2 and x if the field is stationary. 
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A time-to-amplitude converter (TAC) is an 

instrument which measures a quantity closely related to 

the joint probability (x2 ,tx ;x_2,tl+x) AtjAr of Eq. (11) . 

It processes the photoelectron pulses in' such a way that 

the time differences between pulses fed into the "start" 

channel and pulses fed into the "stop" channel are con¬ 

verted into analog pulse heights proportional to the time 

differences. These pulses are then stored as a function 

of time difference in a conventional multi-channel pulse 

height analyzer. Considerably more detail on the opera¬ 

tion of the experimental apparatus is given in Chapter III. 

A detailed mathematical analysis of the opera¬ 

tion of the TAC has been presented by Davidson12'20. 

The results of that analysis will be given here. The rate 

R(T) at which TAC conversion pulses (corresponding to 

"start" and "stop" photoelectron pulses spaced T seconds 

apart) are stored in one channel of width AT in the pulse 

height analyzer is given by a modified two-fold joint 

probability, P (Xj,tj;xx,tj+x; no "stops" in {t1-Tjj/t1+x} ; 

no "starts" in {tj-T^tj }) Ax. Tw is the full scale con¬ 

version range in seconds of the TAC, and TL is the delay 

introduced prior to the STOP input of the TAC, so that 

conversions corresponding to the simultaneous arrival of 

"start" and "stop" pulses are generated in a linear region 

of operation of the TAC. Including dead time losses and 

a quantitative expression for the modification of the two¬ 

fold joint probability, R(x) can be expressed as follows: 
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R(x)=a1cS1a2cS2AT<:£(xt,tx)I(x2,tx+x) 

tj+x 
xexp{-a2cS2 / i(x2,t')dt'} 

tl-TL 

11 

xexpC-axcSj / I(Xj,t')dt'}:> 
t. _TW 

xexp{-(TAC CONVERSION RATE)x(DEAD TIME)}. (15) 

If the stationary optical field incident on the 

photodetectors contains no correlated intensity fluctua¬ 

tions, then Eq.(15) reduces to 

R
(
T
)NO CORRELATIONS^ 

R1R2Axexp{-R2(TL+X)-RJT^} 

xexp{-(TAC CONVERSION RATE)x(DEAD TIME)}, (16) 

where Rx and R2 are the average detector counting rates 

given, respectively, by aJcS1<:I(xx)’> and 

a2cS2<
:I(x2) :>. If-the average counting rates are kept 

sufficiently low so that RXTW and R2TL are small compared 

to unity, and it is an autocorrelation measurement that is 

of interest so that x1=x2, then Eq.(15) can be expanded 

to yield the following integral equation for A(x): 

1 T+TW 

X (T) = C(T)+R, / 

0 1 0 2 T 

02 X+TL 0! TW 

+R2— / A(x')dx,+R1— / A (x ' )dx ' 
0j 0 02 0 

x 
+R2 / A (x')dx'. (17) 
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0^2 are the photomultiplier dark current correction 

factors. 

R, -BACKGROUND RATE. , 
1 / 2 1 / 2 

1 f 2” 
(18) 

R 1 ,2 

X(T) is the second-order intensity fluctuation correlation 

function as defined by Eq.(14). £(x) is the normalized 

excess rate (or index) at which the conversions are gen¬ 

erated for photons spaced x seconds apart. 

R(T)-R(T)NO CORRELATIONS 

C (T)=- (19) 
R
^
T
^NO CORRELATIONS 

Equation (17) can be solved by iteration using 

a digital computer, with the zeroth-order solution for 

X(T) taken to be the measured quantity £(x). 



CHAPTER III 

EXPERIMENTAL APPARATUS 

A diagram of the optical apparatus is shown in 

Fig.III-1. A block diagram of the electronic counting 

apparatus is illustrated in Fig.III-2. For photographs of 

the electronic instrumentation, the parametric harmonic 

generator and the photodetectors, see Figs.III-3a,b, and c. 

The essential elements are a stable, two-mode 

laser pump source (see Fig.III-4), a. nonlinear crystal 

located in a temperature controlled oven, two photomulti¬ 

plier detectors, 100 MHz counting instrumentation, a time- 

to-pulse-height converter, a pulse-height analyzer, and 

suitable digital and analog readout provisions, 

A. The Optical Harmonic Source 

The optical second harmonic21 is obtained by 

pumping a nonlinear crystal of lithium niobate (LiNbOs) 

with 1 milliwat of power at 1.1526y from a Spectra Physics 

Model 120 He-Ne laser. This laser was used for the 

statistical fluctuation studies because the combination of 

its cavity length and atomic gain profile allow operation 

in only two axial modes with fairly good stability. Two- 

frequency mode operation was insured throughout most of 

the experiment by monitoring the frequency spectrum with 

a scanning Fabry-Perot interferometer. Data was accumu¬ 

lated continuously, even during axial mode structure 

changes due to thermal expansion of the cavity. The gain 

of the laser was such that, at most, only two modes of 

16 
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FIG.III-3a Photograph of the Electronic Instrumentation 
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(a ) 

FIG.III-4 Frequency Mode Spectra Measured With a Scanning 
Fabry-Perot Interferrometer. 
(a) Spectra Physics Model 119 He-Ne Single-Mode 
Laser Used to Correct Data for Instrumental 
Response. Dispersion, 100 MHz/Division. 
(b) Spectra Physics Model 120 He-Ne Laser 
Operating In Two Axial Modes. Dispersion, 
100 MHz/Division. 
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appreciable strength would oscillate at any given time. 

Even though one mode would grow stronger at the expense of 

the other due to thermodynamic instabilities, the mode 

separation would always remain the same, and equal to 

c/25,, where c is the speed of light in the medium, and 5, 

is the optical path length of the laser cavity. After a 

warmup time of several hours, the two modes were within 

25% of being equal in intensity for 50% of the time, and 

within 50% of being equal for 75% of the time. When one 

mode was at the peak of the Doppler profile, the other mode 

was barely at the unity gain point of the profile. So 

there was a short time for which the laser operated in a 

single mode, but that was only a few percent of the total 

time. The only effect of part time single mode operation,, 

and also of unequal modes most of the time during two-mode 

operation was to degrade the depth of modulation in the 

experimental result as discussed in Chapter IV. 

The 2.0 cm long stoichiometric LiNb03 crystal 

was placed in a temperature controlled oven phase matched22 

for second harmonic conversion at a temperature of 176.6° C. 

Optimization of the second harmonic signal was accomplished 

by proceedures of fine temperature control, crystal align¬ 

ment and orientation, focusing the beam inside the crystal, 

and recollimating the beam after passing through the 

crystal. For the autocorrelation measurements of the form 

X(Xj,t;Xj,t+T), the harmonic signal is carefully filtered 

to eliminate the 1.1526p pump beam and stray radiations 
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from ambient sources and reflections. This is accomplished 

by following the crystal with a band pass filter and a 

linear polarizer. The polarizer is effective for elimin¬ 

ating the pump since the polarization vector of the har¬ 

monic signal is orthogonal to that of the pump. Additional 

pump beam extinction is accomplished by the filter. 

Furthermore, linear polarization of the measured field is 

required since the expression for A(x) given in Chapter II 

is valid only for linearly polarized, spatially coherent 

optical fields. To insure spatial coherence, the light 

was passed through a 1 mm aperature proceeding the mono¬ 

chromator. 

The signal is then focused into a 0.25 m Jarrell- 

Ash monochromator which serves as a selectable narrow band 

(^2A) filter. This was adjusted to 0.5763y at the peak of 

the harmonic signal. The reason for the monochromator is 

to discriminate against all frequencies except that of the 

very weak (on the order of lO-14 watt at the detectors) 

second harmonic signal, since the autocorrelation measure¬ 

ment is to be applied to the harmonic only. 

The selected second harmonic is then split into 

two beams, each of which is directed incident on the photo¬ 

cathode of a photomultiplier tube. The entire optical 

pathways from the band pass filters preceeding the entrance 

of the monochromator to the photodetectors following the 

beamsplitter were enclosed in light-tight aluminum tubes 

to shield ambient radiations (see Fig.III-1). 



In addition, the tubes were black anodized to eliminate 

the possibility of multiple reflections contributing to 

untrue correlations in the field. 

B. The Photon Detectors 

The photomultiplier tube is an optical detector 

in which an incident electromagnetic field ejects single 

photoelectrons from a photocathode. These electrons are 

then multiplied by a cascaded secondary emission process to 

produce a current pulse at the anode. This current pulse 

represents the absorption of one or more quanta of electro¬ 

magnetic energy at the photocathode. 

Detectors used for the measurements were RCA 

photomultiplier tubes of the C31000 developmental series 

having high-gain gallium-phosphide coatings on the first 

dynodes. The effect of enhancing secondary emission from 

the first dynode is -to increase the signal-to-noise ratio, 

and also to increase the gain with minimal decrease of 

bandwidth. These tubes of the C31000 series are 

accredited23 with a photon counting efficiency nearly equal 

to the quantum efficiency of the photocathode. C31000F 

tubes with extended S20 photocathode responses were used 

for detection of the harmonic at 0.5763U* The S20 surface 

has a quantum efficiency of 9.5% at this wavelength. The 

tubes were selected on the qualities of very fast response 

(2.4><10-9 sec anode pulse rise time, see Fig.III-5), high 

current gain (^106), and a relatively high quantum effic¬ 

iency with reasonably low thermionic emission. Minimize- 
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(b) 

(c) 

FIG.III-5 (a) Anode Pulses of C31000F Detector Into 
50 Ohm Termination. Horizontal Scale, 
5 nsec/Division. Vertical Scale, 5 mv/ 
Division. 

(b) Photoelectron Pulses of C31000F Detector 
After Amplification of 64 By EG&G Amplifier. 
Horizontal Scale, 5 nsec/Division. 
Vertical Scale, 200 mv/Division. 

(c) Discriminator Pulse Representing a Photon 
Arrival. Horizontal Scale, 5 nsec/Division. 
Vertival Scale, 500 mv/Division. 
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tion of thermal electron emission from the photocathode is 

most important in preparation of the detectors for photon 

counting work. It was necessary to coll the tubes with 

nitrogen to reduce the dark count rate to <5x102 counts 

per second. Figure III-6 shows a diagram of the apparatus 

designed to cool the C31000F tubes to -60° C. continuously 

for more than eight hours. 

The dark-noise count rate sets a lower limit on 

the photon count rate necessary to achieve meaningful 

statistics of the observed radiation field. Photon Count¬ 

ing rates two orders of magnitude above the dark count 

rate guaranteed that only about 1% of the pulses were not 

due to light. Also, of course, there is an upper limit on 

the measurable counting rare ultimately determined by the 

time resolution of the detection system. But for the 

purposes of these investigations, photon count rates v/ere 

limited to less than 10s per second due to facilitating 

approximations in the data analysis. 

Figures III-7a and b show measured integral 

pulse-height distribution curves for the C31000F operating 

at two different voltages. These distributions are used 

to determine the optimum combination of photomultiplier 

tube operating voltage and detection threshold set by the 

discriminators for photon statistical counting. 

Ideally, all photoelectron pulses would be of 

equal amplitude, and detection would be assured with 

proper threshold setting. However, the pulse-heights 
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FIG.III~7a Measured Integral Pulse-Height 
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Photomultiplier Detectors Illuminated 
With Weak, Linearly Polarized 0.6328|j, 
Light, Operating at 1800 volts. 
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follow a near-Poisson distribution24 if the detector is 

operated correctly. Setting the threshold on a resonably 

flat region of that distribution assures the detection of 

most all of the pulses of single-photon origin. If the 

threshold is established on a more steeply sloped region 

of the distribution, then it is likely that bunched photons 

grouped within times less than the detection resolution 

register a count, while single photons do not register a 

count. Therefore, the distribution curves in Figs.III-7a 

and b show that the tubes should be operated at 2000 volts 

rather than 1800 volts, for example. As can be seen from 

the shapes of the curves, the higher voltage operation 

allows more range in setting the threshold, i.e., the 

threshold can be set at higher values and still remain on 

a flat region of the distribution. This is an important 

advantage since radio frequency pickup was extremely 

difficult to shield at threshold settings less than about 

2 mv. In addition, the full gain capabilities of the 

photomultiplier tube should be utilized since it is a 

superior broadband amplifier compared with the subsequent 

external pulse amplifiers. 

The desired photon counting rates ('vlO5 per 

second), then, are adjusted by optical attenuators and not 

by the detection gain parameters which have been optimized 

on the basis of detector statistics. 

The assurance of counting single photons x^as 

based on a simple experiment. In this experiment, linearly 
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polarized light from the 0.6328y line of a CW He-Ne laser 

was directed on the photocathode of the C31000F detector 

and partially cross-polarized and attenuated to obtain a 

counting rate of 106 per second. A calibrated power meter, 

which responds to photon flux, was then inserted into the 

beam, and the power was then reduced by a factor of two 

with the polarizer. It would be expected, then, in re¬ 

ducing the power by a factor of two that the number of 

photons arriving per unit time would be one half the 

original number, i.e., the counting rate should reduce 

by a factor of two if we are really counting single photons. 

If we are only counting clusters of photons that yield 

sufficient charge in the anode pulse to be detected, then 

decreasing the power by a factor of two would decrease the 

counting rate by far more than a factor of two. This is 

because besides decreasing the photon flux by two, we are 

also decreasing the probability of detecting the photons 

that are there since the probability of bunched photons 

occuring in the field is also' reduced. So if we have an 

approximately linear relationship between the optical power 

in the field and the counting rate, then we should be 

detecting single photons. In the particular experiment 

performed, a counting rate of slightly less than 5x105 

after reduction of power afforded confidence in the 

detection of most all pulses of single photon origin. 

A diagram of the voltage divider network used 

for the C31000F tubes is shown in Fig.III-8. All connec- 
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FIG.III-8 Diagram of the Voltage Divider 
Network Used For the C31000F 
Photomultipliers. 
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tions to the tube socket pins were made as short as possible 

in the interest of high frequency performance. The resistor 

chains were cooled with nitrogen gas exhausted from the 

detector heat exchange envelope. 

C. Pulse Amplification and Standardization 

Photoelectrons impinging on the first dynode 

initiate a cascaded secondary electron emission process 

yielding current pulses at the anode of 106-108 electrons. 

The gain of the multiplier (electrons at the anode^elec- 

trons impinging on the first dynode) is not a fixed quantity 

but varies in a manner determined by the statistics of the 

secondary emission process. This gain variation can be 

studied by measuring the charge distribution of the anode 

pulses, that is, the pulse-height distribution. The second¬ 

ary emission process has been generally assumed25 to exhibit 

Poissort, or near-Poisson statistics. 

It has been shown by R. Foord26, et al_, that the 

signal-to-noise ratio for a photomultiplier detector is 

proportional to the quantity {1+var(g)v<g>2}“*/2, where g 

is the gain of the photomultiplier and var(g) is the vari¬ 

ance of the gain. From this, it is apparent that the 

signal-to-noise ratio is a function of the shape of the 

gain distribution. However, if the output pulses of the 

detector are standardized with a discriminator, then 

var(g)=0, and the degradation of signal-to-noise ratio by 

gain distribution is removed. 

Another reason for standardizing the photoelectron 
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pulses with discriminators is to provide constant shape, 

well-defined pulses to represent the position in time of 

photon arrivals to the time-to-amplitude converter. The 

temporal precision of the pulses is of primary importance 

since we are measuring the time difference between photon 

absorption events. 

The discriminator used in the measurements was 

an EG&G Model T105/N dual discriminator. The instrument 

generates one -750 mv output pulse for each crossing of a 

preset threshold continuously variable from -50 mv to 

-750 mv. The output pulse widths were set to be 25 nsec. 

The time slewing of the discriminator was measured to be 

0.7 nsec, as will be discussed in Chapter IV. 

The photomultiplier pulses are transmitted in a 

load matched 50 ohm cable in the interest of good high 

frequency response. The rather low photoelectron pulses 

(on the order of a few millivolts) into the 50 ohm load had 

to be amplified to exceed the -50 mv threshold of the EG&G 

discriminators. Two EG&G Model AN201/N Quad Amplifiers 

were used to amplify most all of the pulses to exceed a 

discriminator threshold of -150 mv. This threshold corres¬ 

ponds to an absolute pulse-height from the detectors of 

2.3 mv into 50 ohms, utilizing a gain of 64 with the EG&G 

amplifiers and photomultiplier tube operation at 2000 volts. 

D. Apparatus For Correlating the Photoelectron Pulses 

Photoelectron pulses from one discriminator were 

fed into the START input of the Ortec Model 437A Time-To- 
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Amplitude Converter. Pulses from the other discriminator 

were fed into the STOP input of the TAC after a cable delay 

Tjj. The TAC performs a time difference measurement between 

the arrival of a "start" pulse and the arrival of a "stop" 

pulse. With a certain degree of probability limited only 

by the dark count factors 0j and 02 defined in Chapter II, 

the time difference measured corresponds, to the time differ¬ 

ence between photon absorption events at the two photo¬ 

multiplier cathodes plus the electronic delay TL, ±the time 

slewing factor of 0.7 nsec. This time difference between 

"start"-"stop" pulses is measured and converted by the TAC 

into an analog pulse-height in the following way: 

A timing cycle is initiated by the acceptance of 

a "start" pulse from the discriminator by the START input 

of the TAC. The "start" signal will not be accepted if the 

TAC is already performing a conversion cycle. The timing 

cycle begins with a time-to-heigth conversion accomplished 

by charging a capacitor linearly with time. The conversion 

continues until a "stop" pulse is received at the STOP 

input of the TAC. A pulse is then triggered at the TAC 

output whose height is the voltage on the conversion cap¬ 

acitor. After the readout, the TAC is restored to its 

initial condition ready to begin another timing cycle if a 

"start" pulse comes along. If a "stop" signal is not 

received by the TAC within the preselected conversion range, 

then the voltage across the conversion capacitor will 

increase until it reaches about 120 percent of full scale. 
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At this point, an overrun detector internally initiates a 

reset sequence which prevents readout and restores the con¬ 

version capacitor to its proper initial condition, ready 

for another conversion. 

A full scale conversion range of 50 nsec was 

used for the measurements. 

The output pulses of the TAC were then stored in 

a Northern Scientific Model 606 Multi-channel Pulse-Height 

Analyzer (PHA). This unit essentially performs the inverse 

operation of the TAC in that it re-converts a pulse-height 

into a time difference by discharging a capacitor. The 

incomming pulse from the TAC simultaneously charges a con¬ 

version capacitor and initiates the scaling of a 100 KHz 

crystal controlled oscillator. As the oscillator-clock 

runs, the channel number, which corresponds one-to-one 

with a memory location, is incrementally advanced. The 

oscillator continues to be scaled, and the channel number 

advanced, until the capacitor has discharged to about 1/e 

of its maximum value. At this point, one count is stored 

in the channel to which the scaler has advanced. The scaler 

is then reset and the capacitor returned to its initial 

condition of zero charge. 

So a certain distribution of pulse-heights, which 

are of origin a linear function of a time difference, are 

finally stored in the PHA as a function of time difference. 

The artificial delay, TL, of the "stop" pulses does not 

complicate the measurement of the desired quantity, i.e., 
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the time difference between photon absorption events; it 

merely allows simultaneous absorption of photons (T=0) to 

correspond to finite pulse-height in a linear region of 

the TAC-PHA conversion system. The channel number corres¬ 

ponding to true coincidences for the measurements was 

identified to be channel number 206. This corresponds to 

a time delay TL=2.06 nsec. Calibration of the TAC-PHA 

system yielded Ax=0.100±.005 nsec/channel. 

Counts in the PHA relate to the un-normalized 

probability of two-photon detection coincidence as a 

function of the detection time delay T. The rate R(x) at 

which the counts are stored in the PHA is normalized by the 

individual detector counting rates Rj and R2. These rates 

are obtained from the SEN Model 312 Dual Scaler which 

counts the pulses from each discriminator (see Fig.III-2). 

The rate R(x) at which conversions occur as a 

function of time difference x yields the zeroth-order 

experimental result which is accurate to within a few 

percent for the experimental conditions. This fact is 

explained in Chapter II. The options were available for 

reading out the data in three different forms, two in 

analog mode and one in digital mode. In the analog mode, 

the data could either be read out on an x-y plotter or 

displayed on the screen of a cathode-ray tube. The graphic 

representation of the results given in Chapter IV are 

photographs of the cathode-ray display on the PHA. The 

data was also read out in the digital mode with a Mohawk 
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Data Systems Model 1200 paper tape printer. Analytical 

results given in Chapter IV were determined from the 

digital data. 

E. Differential Discriminator Gating Unit 

Although the use of this unit was neither 

necessary nor was it employed in the measurements on the 

second harmonic, its operational characteristics will be 

outlined here in the interest of further investigations 

which would demand its use. One of the assumptions in 

relating the rate of TAC conversions R(x) to the second 

order intensity fluctuation correlation function A(x) is 

that the intensity of the measured radiation field remain 

within a few percent of its mean value. The second har¬ 

monic radiation field generated for these measurements 

satisfied the requirement. For optical fields not satisfy¬ 

ing this requirement, the gating unit should be used. 

For a circuit diagram of the entire unit see 

Fig.III-9. Figure III-2 illustrates how the unit is 

incorporated into the experimental setup. 

One of the discriminator outputs is used to sense 

the intensity level of the radiation field being measured. 

Since the discriminator gives a standard output pulse for 

each photoelectron pulse which is detected, then each 

photon which is detected is represented by a fixed amount 

of charge at the discriminator output. One of the comple¬ 

mentary outputs of the discriminator is used to integrate 

the charge in these pulses using a capacitive terminated 
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delay-line. The integrated signal is then fed into an 

operational amplifier which serves two purposes. First, 

the operational amplifier offers a very high input imped¬ 

ance to the capacitive loaded delay-line (RC=1 Megohm* 

0.002yf=2 msec. The discriminator output is modeled as a 

true, open-circuit current source). Secondly, the opera¬ 

tional amplifier offers a low output impedance and an 

inverted signal compatable with the input of the differen¬ 

tial discriminator. 

In integrating the charge of the discriminator 

pulses, we in effect sense the photon counting rate, and 

any deviations in the photon counting rate generate a 

deviation in the analog voltage signal with a 2 msec 

time constant. The 2 msec constant was used so that short¬ 

term intensity instabilities in quantum electronic devices 

due to mechanical vibrations would give a change in the 

voltage level. But much shorter intensity fluctuations, 

on the order of those to be measured, would not change the 

voltage level at the output of the operational amplifier, 

and therefore would not interrupt the measurement. 

The differential discriminator was designed 

around the characteristics of a yA711 Dual Comparator 

integrated circuit. Its operation in the circuit of 

Fig.III-9 is such that when the voltage of an input signal 

is between preset values E and E+AE, then a zero voltage 

appears at the output of the comparator. When the input 

voltage is either less than E or greater than E+AE, i.e., 
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outside of the limits, then a +5 volts appears at the 

output. The comparator has a switching time of about 

40 nsec. The reference level E is adjustable with a ten- 

turn potentiometer from 0 to 5 volts. The window width 

AE is adjustable with a ten-turn potentiometer from 0 to 

1 volt. 

The logic of the comparator output is then 

reversed with a switching transistor so that the condition 

of the input signal voltage being between E and E+AE gives 

an "on" signal; otherwise the signal is "off". After an 

emitter-follower stage to match impedances, the "on"-"off" 

gating signal is used for two functions. One function is 

to gate the pulse-height analyzer (PHA) in its coincidence 

mode, causing data to be accumulated only when the proper 

condition of optical intensity level is met. The other 

purpose of the gate signal is to operate an FET switch 

which gates the output of a 100 KHz crystal controlled 

oscillator, also shown in Fig.III-9. The oscillator gating 

was designed in a coincidence mode. When the cycles of 

the oscillator are counted with a scaler, the actual time 

that the PHA has accumulated data is measured. Also, a 

low source impedance output with the same logic is avail¬ 

able for gating the SEN Dual Scaler. 



CHAPTER IV 

CALIBRATION PROCEEDURE AND EXPERIMENTAL RESULTS 

A. Calibration of the TAC-PHA Conversion System 

The TAC-PHA system is calibrated in order to 

determine Ax, the width .in time of each channel of the 

PHA. This is accomplished by introducing pulses of a 

known time difference into the START and STOP inputs of 

the TAC, and reading out the channel number in which the 

conversion pulse is stored in the PHA. The technique was 

to feed coincident pulses with a BNC "T" into each cable 

used to transmit pulses from the photomultiplier tubes. 

This, in effect, simulates coincident photoelectron pulses 

at the anodes of both detectors. And assuming that the 

electron transit time in both detectors is the same, the 

coincident pulses represent simultaneously detected photons 

at the two photocathodes. Since the optical path lengths 

from the beam splitter to both detector photocathodes were 

made equal, then the coincident pulses represent what is 

desired, i.e., the simultaneous arrival of photons in the 

radiation field under study. 

The Ax calibration is resumed by introducing 

incremental delays of known duration before the STOP input 

of the TAC, with subsequent accumulation of the conversion 

pulses by the PHA. This proceedure was repeated using ten 

different delays, x, ranging from 5 nsec to 50 nsec, thus 

spanning the conversion range of interest. (To achieve the 

longer delays, greater than 15 nsec, a variable pulse-width 
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discriminator with short-circuit delay-line clipping was 

used. See Fig.III-2.) The memory of the PHA was then 

printed out on paper tape showing the channel numbers which 

had accumulated counts for the various time delays x. With 

the knowledge of x versus the channel number, the time per 

channel, Ax, was found to be 0.100±.005 nsec/channel. 

In addition to the determination of Ax, the above 

proceedure is a measure of the linearity of the time-to- 

height-to-time conversion system. The plot of x versus 

channel number should be a straight line for good linearity 

in the conversion process. The first 65 channels were 

found to exhibit poor linearity by comparison with the 

rest. For this reason, the true "channel Zero" was set 

well beyond this nonlinear region by inserting a-fixed 

delay before the STOP input of the TAC. For the experiment 

on the two-axial mode laser pump beam, channel zero was 

fixed to be channel number 160. For the experiment on the 

optical second harmonic, channel number 206 corresponded 

to simultaneously detected photons. 

The time slewing factor of 0.7 nsec was also 

determined in the manner of the callibration process. A 

train of random pulses (103 per sec) from the dark counts 

of one of the photodetectors was fed into a BNC "T" and 

then into the START and STOP inputs of the TAC, with a 

delay before the STOP input. The PHA was then allowed to 

accumulate conversions from these random (but fixed delay 

between "start" and "stop") input pulses. Ideally, with 
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infinite time resolution, counts from all pulses would be 

stored in a single channel of width 0.100 nsec in the PHA. 

However, the counts were found to be spread out over about 

6 or 7 channels with peaking in one or 2 channels. This 

time slewing of about 0.7 nsec was attributed mainly to 

the discriminators since the test data for the EG&G unit 

claims time slewing of 0.9 nsec at worst. 

B. Measurement Of Correlated Photons In a 
Two-Axial Mode Laser Beam 

The intensity autocorrelation functions of the 

type <:I(x,t)I(x,t+x)’> have been calculated by several 

authors4'27 for the optical field produced by a laser 

operating in two independent axial modes. The intensity 

autocorrelation function of the radiation field from a 

laser operating in two axial modes of identical polariza¬ 

tion and constant amplitude is given by: 

<•1(x,t)I(x,t+x):>=<!(x)>2[l+l/2f(x)cos(W2—WJ)x], 

where I(x)=mean laser intensity, and coj=center angular 

4-Vi 
frequency of the j1"11 mode. The function f(x)=l if the two 

modes are phase locked. If the two modes oscillate indep¬ 

endently, are of equal strength, and their phases undergo 

a random walk type of diffusion, then f(x) assumes an 

exponential form (See Appendix I). 

The apparatus in the configuration of Fig.III-2 

(deleting the differential discriminator gating unit) was 

used to measure the intensity autocorrelation function of 

the Spectra Physics Model 120 Helium-Neon gas laser 
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operating in two independent axial inodes, as described 

in Chapter III. 

The rate R(x) at which the TAC generates conver¬ 

sion pulses corresponding to two photons absorbed T sec 

apart by two photodetectors has been related to the inten¬ 

sity correlation function by Davidson20. The result of the 

analysis (given in Chapter II) is that the component of the 

normalized intensity autocorrelation function due to the 

intensity fluctuations A(x) is related to the normalized 

excess rate, £(x), at which TAC conversions are produced by 

the integral equation (17) in Chapter II. As previously 

mentioned, £(x) is defined as the actual rate at which TAC 

conversions are produced minus the rate at which TAC con¬ 

versions are produced by a field with no correlated 

intensity fluctuations, divided by the TAC conversion rate 

for a field with no .correlated intensity fluctuations. 

Measurements to determine the structure of £(x) 

were made on both a single mode laser and a laser oscillat¬ 

ing in two independent axial modes. Measurement on the 

single mode laser was used as a check on the linearity of 

the apparatus (In an amplitude stable, single mode laser 

field, the random arrival of photons is expected). Since 

the optical field of a single mode laser has no known cor¬ 

related intensity fluctuations it should yield the result 

£,(x)=0 for all x. The axial mode structures present in the 

two different laser fields were measured with a scanning 

Fabry-Perot interferometer and are shown in Figs.III-4a,b. 



47 

The data accumulated in the PHA for the two measurements 

is shown in Fig.IV-1. All measurements were made with a 

TAC conversion range of 50 nsec and a photodetector average 

counting rate of 2x105 counts per sec. The total counting 

time was 4.7X103 sec, and the TAC dead time was 6x10 6 sec. 

The irregularities in Fig.IV-la and b are due to nonlinear¬ 

ities present in the TAC-PHA conversion system and do not 

represent intensity fluctuation correlations. Figure IV-lc 

shows the data taken for a two mode laser but corrected for 

the nonlinearities. Data was obtained by the accumulation 

of an average of 20,000 counts per channel in the PHA from 

the two mode laser. Then subsequent accumulations were 

made with the PHA in the subtract mode using a single mode 

laser but the same average counting rates. This method . 

corrects for the nonlinear instrumental response to within 

[100%-the percentage of modulation depth] by simply sub¬ 

tracting the instrumental response out of the measured 

data. 

The integral equation for X(x) has been solved by 

an iterative proceedure in which the measured quantity £(x) 

is taken as the zeroth order solution for X (x). The con¬ 

tribution of the integrals on the right hand side of Eq.(17) 

is of the order 10-3 for the values of R and w2
-wi used in 

the experiment. The dark current correction factors were 

nearly equal to 1 since the photodetectors were cooled suf¬ 

ficiently to yield a dark count rate of less than 500/sec. 

Under these conditions, X(x)~£(x). 
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The results of the measurements on the laser 

oscillating in two independent axial modes yield the fol¬ 

lowing for £(T): £ (x) =0.13COS2TT3.70x10 8 corresponding to 

an average period of 27 channels. 

The theoretically expected behavior (see Append¬ 

ix I) of A(T) is given by A (x) =l/2exp{-Dx}cos ) r. 

For the laser field investigated, W2-W1=2TT3.70X10
8
HZ , 

D<lxlOe sec-1, and the mode amplitudes varied as described 

Chapter III, Section A. The difference in mode amplitudes 

only reduced A(T=0) to a maximum theoretical value of 0.49. 

So this discrepancy between the expected maximum value of 

C(x) and the maximum excess rate at which conversions are 

stored in any one channel of the analyzer is believed to be 

due mainly to the time slewing effect of the discriminators. 

The time spread of 0.7 nsec was of sufficient magnitude to 

be responsible for the observed reduction of the theoretical 

cosine modulation index by assuming a gaussian system func¬ 

tion and its convolution with £(T)26. 

Frequency domain analysis of the fluctuating 

component of an analog photodetector signal yielded a value 

of 380.45 MHz for the frequency separation between the two 

axial modes. The period of oscillation of the fluctuating 

component of the intensity autocorrelation function yielded 

a value of 370±15 MHz for the frequency mode separation. 

The accuracy is probably limited by the time resolution of 

the ORTEC Model 437A TAC, which is 10 psec on the 50 nsec 

conversion range. Measurements of the mode linewidth 
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(see Fig.IV-2) with the use of an RF spectrum analyzer 

yielded an upper bound for the value of the phase diffus¬ 

ion constant, D<106 sec-1. This is consistent with the 

negligible decrease in the depth of modulation observed 

for x values up to about 40 nsec. 

C. Measurement Of Correlated Photons In the Second 
Harmonic Pumped With Two Axial Modes 

The normalized intensity fluctuation autocorrela¬ 

tion function A(x) was measured for the radiation produced 

by second harmonic generation (SHG) pumped with the two 

axial mode He-Ne laser as described in Chapter III. 

Again, the photodetector average count rates 

Ri, R2 were kept sufficiently low that RXTW and R2TW<<1. 

In this case R(x) reduces to R(x)=R1R2Ax{l+A(x)}, so that 

X(I)=£(I)={R(X)-R1R2AX}/R1R2AX, where RJR2AX is the rate of 

conversions for no correlated intensity fluctuations. 

The result of measurements of A(x) of second 

harmonic radiation is shown in Fig.IV-3, which displays 

the number of counts stored in each channel of the PHA as 

a function of photon arrival-time difference. The observed 

cosine modulation frequency corresponds to the axial mode 

frequency separation of the He-Ne laser (c/2&=380.7 MHz) 

as observed with a scanning Fabry-Perot interferometer or 

an RF spectrum analyzer. This measurement was made with a 

TAC conversion range of 50 nsec and average detector count 

rates of about 2xl05/sec. Figure IV-3a shows the uncor¬ 

rected time spectrum, and Fig.IV-3b shows the time spectrum 
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FIG.IV-2 RF Spectrum Analyzer Display of the Double 
Mode Linewidth of the Helium-Neon Laser. Dispersion, 
1 MHz/Division. 
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FIG.IV-3 CRT Display of R( ) In the PHA Memory. 
Calibration, 0.100 nsec/Division. 
(a) Measurement On the Second Harmonic Radiation 
Field Pumped With Two Axial Modes. 
(b) The Same Measurement On the Second Harmonic 
Field, But Corrected For Instrumental Response. 
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corrected for instrumental response in the same manner as 

described in Section B. of this Chapter. 

Analysis of the digital data read out on paper 

tape yields the result A (x) =0.13COS2TTX3.7x108 x correspond¬ 

ing to a cosinusoid of average period given by 27 channelsx 

0.100±.005 nsec/channel. 

Assuming perfect 90° phase matching for focused 

pump radiation, it can be shown29 that the SHG radiation 

field intensity is given by ISHG(x,t)=Klp
2(x,t), where K is 

a nonlinear coupling parameter, and Ip is the intensity of 

the pump field. Hence any fluctuations which may exist in 

the SHG output are determined by both the fluctuations of 

Ip
2(x,t) and a term not correlated with Ip

2(x,t) which 

takes into account any randomness that may be associated 

with K. For a field with two coherent frequency modes and 

axial mode separation frequency Aw, and complete spatial 

coherence, the intensity correlation function 

<:ISHG(X/t)ISHG^^t+T) :> 
  =1+8/9COSAWX+1/18COS2AWX. 

< :ISHG:>2 

Therefore, the theoretically expected behavior of A(x) is 

approximately given by 8/9cosAwx since the contribution of 

the 2Awx term to the modulation amounts to less than 2%. 

The considerable difference between the observed 

maximum value of A(x) and the theoretically expected max¬ 

imum value is probably due to the finite time resolution 

of the detection system and a decorrelation effect due to 

the use of a focused pump beam in the generation of the 
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second harmonic. The time slewing of the discriminators 

reduces the theoretical modulation amplitude from 89% to 

25% under the assumption of a gaussian system function and 

its convolution with R(T)28. Theoretical analysis of the 

propagation of coherence functions in nonlinear crystals30 

indicates that the temporal dependence of the intensity 

correlation function of second harmonic radiation fields is 

deducible directly from the time dependence of the intensi¬ 

ty correlation functions of the pump radiation fields. 

However, the spatial coherence of the second harmonic field 

cannot be directly deduced from the properties of the pump 

field, except in the case of a plane wave pump field. 

Since the pump field in this experiment was neither 

completely spatially coherent nor a plane wave, the second 

harmonic should be even less spatilly coherent than the 

pump field. The spatial incoherence of the second harmonic 

incident on the photodetectors, at least in part, resulted 

in a further reduction of the modulation amplitude from 

25% to 13%. The observed temporal dependence of the second 

order intensity correlation function of the SHG field is in 

good agreement with that predicted from the temporal coher¬ 

ence properties of the pump field. 

D. Conclusion 

The results of both measurements of the intensity 

fluctuation autocorrelation function in the time domain 

are in good agreement with measurements in the frequency 

domain. They are also in agreement with conditional 
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counting probability measurements of Arecchi31 using 

coincidence logic instrumentation. 

While measurements of the intensity fluctuation 

autocorrelation functions can, in principle, be used to 

determine the axial mode structure of a laser beam, the 

the complexity of the correlation functions limits the 

utility of this technique to cases where the mode structure 

is quite simple. In addition, the maximum value of the 

frequency mode separation that can be effectively resolved 

is about 1 GHz, equivalent to a period of 9 PHA channels. 

However, since the TAC processes individual 

photoelectron pulses, this method of measurement has the 

advantage that measurements can be made on very weak 

optical fields (The measurements described were performed 

on optical fields of the order 10-12 watt). Both analog 

signal correlation measurements and frequency spectrum 

measurements on photomultiplier current fluctuations require 

high photomultiplier counting rates and work well only on 

optical fields intense enough to produce high detector count 

rates. 

The results of the experiment on the two axial 

mode laser beam afford confidence in the experimental 

apparatus to perform a photon correlation measurement, 

since the laser field was also intense enough to submit to 

frequency domain type measurements before attenuation. The 

The mode structure of the weak second harmonic, however, 

was only measurable by the photon counting method. 
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The interest in correlation functions of a 

stationary optical field is certainly not restricted to the 

the axial mode analysis of the field. These correlation 

functions, measurable with the apparatus constructed and 

described in this investigation, can offer information 

about the nature of the radiation field itself, and also 

about the nature of the source1-4. In particular, these 

correlation measurement techniques can be applied to 

analyze the often times weak radiation fields produced by 

optical nonlinear processes. Of immediate future interest 

are the field correlations produced by an optical para¬ 

metric oscillator, which is now under development at 

Rice University. 
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Measurements of Photon Correlations in a 
Two Mode Laser Beam 
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partment, Johns Iiopkins University, Baltimore, Maryland 
21218. 
Received 30 July 1970. 

This Letter reports the results of measurements of the irra- 
diance auto correlation function of a G32S-A IIe:Ne gas laser 
operating in two independent axial modes. The measurements 
were made with the use of time-to-amplitude converter tech¬ 
niques1 developed for the experimental determination of irradi- 
ance correlation functions. The advantages and limitations of 
this type of time domain measurement will be compared with 
those of the more conventional frequency domain measurements 
employing a scanning Fabry-Perot interferometer or an rf spec¬ 
trum analyzer. 

Irradiance auto correlation functions of the type (:l(x,f)/(x,f 
+ r):) have been calculated by several authors2*3 for the optical 
field produced by a laser operating in two independent axial 
modes. The colons denote that operators used to express the 
irradiance at point x, time t appear in normal order and the angu¬ 
lar brackets indicate an ensemble average overall realizations of 
field irradiance. The irradiance correlation function of a laser 
operating in two axial modes of identical polarization and con¬ 
stant amplitude is given by: 

(:f(x,l)l(x,t + T):> = </(x)>![l + i/(r) cos(«2 - «,)r], (1) 

where (l(x)) = mean laser irradiance anti «y = center angular 
frequency of the jth mode. Now let us consider the following 
cases: 

(1) if the two modes arc phase locked/(r) = 1; 
(2) if the two modes oscillate independently, are of equal 

strength and their phase undergo a random walk type of diffu¬ 
sion:4 

f(r) = exp \ £ DJ\T\ J 

where l)j is the phase diffusion constant of the Jth mode, and is 
equal to 2r times the line width of the Jth inode; 

(3) if the two equal amplitude laser modes operate in some 
intermediate regime where they are neither phase locked nor com¬ 
pletely independent; 

/(T) = (cos[{*2(< + r) - *«(i)} “ {*i(< + T) — 

where #i(f), d*2(f) denote the phases of the two modes. 
In principle, a detailed knowledge off(r) as a function of r can 

then be used to distinguish the three cases. As the number of 
axial modes present in the beam increases, the irradiance auto¬ 
correlation function becomes more complex. For the case of 
three independent equal strength modes of the same polarization, 
equal adjacent mode spacing and equal mode linewidth, 

+ r):> = (l(x)Yl 1 + (2/9)C-
D

I*‘ 

X cosAwr + (l/9)e—®lr* cos2Aa)r]. (2) 

In the limit as the number of modes present in the laser beam 
becomes infinite, (:!(xtt)l(x}t + r):)becomes{/(t))s[l + jY(r)|2], 
where T(T) is the second order field strength correlation func¬ 
tion.5 |T(T)| tends to zero for T ^ 0, with |T(0)| = 1 as the 
number of laser modes becomes infinite. 

The apparatus shown in Fig. 1 was used to measure the ir¬ 
radiance auto correlation function of a Spectra Physics Model 120 
He;No gas laser operating in two independent axial modes. 
The mode structure of the laser was constantly monitored during 
the course of the measurements. Pulses from the individual 
photodetectorn were amplified and standardized by the discrimi¬ 
nators. The standardized pulses were then fed to the start and 
stop inputs of a time-to-amplitude converter (TAG). The TAG 
output pulses were then stored in one of the channels of a 512 
channel pulse height analyzer. The height of each TAC output 

COOLED PHOTO DETECTOR 
RCA C 310OOF 

Fig. 1. Experimental arrangement for intensity correlation 
measurements of optical radiation fields. 
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pulse is linearly proportional to the difference in arrival times of 
the start and stop input photodetcctor pulses. A delay cable 
was inserted before the stop input of the TAC so that simul¬ 
taneously detected photons would be recorded by TAC conver¬ 
sions of other than zero pulse height. The pulse height analyzer 
was allowed to accumulate TAC output pulses only when the 
laser mode amplitudes were within 20% of being equal. 

The rate, A'(T), at which the TAC produces conversions that 
correspond to two photons absorbed r seconds apart by the two 
photodetectors lias been related to the irradiance correlation 
function in Ref. 0. The result of the analysis is that the com¬ 
ponent of the normalized irradiance autocorrelation function due 
to the irradiance fluctuations X(r), where X(r) = (:A/(z,t)A/- 
(x,t + T):)/(:/(X):)

2
, is related to a normalized excess rate, 

£(T), at which TAC conversions are produced by the integral 
equation [Eq. (3a) in Ref. C]: 

1 rr+TiV 0 fr + TL 
X(T) = — f(r) + R1 X(r ')dr' + RJ X(T ')dr' 

Jr 6' JO 
p Tw pr 

+ RJOM X(r')dr' + Rt \{r')dr'. (3) 
Jo J-TL 

{(T) is defined as the actual rate at which TAC conversions are 
produced minus the rate at which TAC conversions are produced 
by a field with no correlated irradiance fluctuations divided by the 
TAC conversion rate for a field with no correlated irradiance 
fluctuations. Ri and Ri are the photodetector average counting 
rates, and 0\, 0> are dark current counting rate correction factors. 
Tw is the TAC conversion range and TL the delay introduced 
preceding the stop channel of the TAC. 

Measurements to determine the structure of £(r) were made on 
both a single mode laser and a laser oscillating in two inde- 
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Fig. 3. Pulse height analyzer display of recorded TAC conver¬ 
sions for (a) single mode laser source, (b) two mode laser source, 
(c) two mode laser source corrected for instrumental response. 

[100 psec/ch; true zero: channel 1G0.] 

(a ) 

(b) 

Fig. 2. Optical spectrum analyzer display of oul put of a lIe:No 
laser: (a) single mode regime, (b) two mode regime. Dispersion 

200 MIfz/div. 

pendent axial modes. Measurements on the single mode laser 
were used as a check on the apparatus. Since the optical field 
of a single mode laser has no correlated irradiance fluctuations it 
should yield the result f(r) = 0 for all r. The axial mode struc¬ 
ture present in the laser beam was measured with a scanning 
Fabry-Perot interferometer and is shown in Figs. 2(a) and 2(b). 
The data accumulated in the pulse height analyzer for the two 
measurements is shown in Fig. 3. All measurements were made 
with a TAC conversion range of 50 nsec and photodelector aver¬ 
age counting rate of 2 X 105 counts/sec. The total counting 
time was 4.7 X 10s sec, and the TAC deadtime was G X 10~6 sec. 
The irregularities in Figs. 3(a) and 3(b) are due to nonlinearities 
present in the TAC and do not represent irradiance fluctuation 
correlations. Figure 3(c) shows the data taken for a two mode 
laser but corrected for the TAC nonliucarities. The data were 
obtained by accumulation of 20,000 TAC conversions per channel 
from the two mode laser, and then subsequent accumulations of 
conversions in the PI1A subtract mode from a single mode laser. 
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The integral equation for X(r) is solved by an iterative pro¬ 
cedure, in which the measured quantity £(r) is taken as the zeroth 
order solution for X(r). The contribution of the integrals on the 
right-hand side of Eq. (3) is of the order 10-3 for the values of It 
and (c*>2 — «i) used in the experiment. The dark current cor¬ 
rection factors were very nearly 1, since the photodetectors were 
cooled to a sufficiently low temperature that their dark current 
counting rates were less man 50 counts/sec. Under the above 
conditions, X(r) ^ £(r). 

The results of the measurements on the laser oscillating in two 
independent axial modes yield the following for £(r):£(r) = 0.13 

COS2TT3.70 X 108r corresponding to an average period of 27 
channels. 

The theoretically expected behavior of X(r) is given b}r 

X(r) = \cos(a>2 — coi)r. 

For the laser investigated, co2 — an = 2r 3.70 X 108IIz, D < 1 X 
10s sec-1, and the mode amplitudes differed by at most 20%. 
The difference in mode amplitudes reduced X(r = 0) to a maxi¬ 
mum theoretical value of 0.49. Instead, the discrepancy be¬ 
tween the observed maximum value of £(r) and the maximum 
excess rate at which conversions are stored in any one channel of 
the analyzer is mainly due to the time slewing of the photo- 
detectors, pulse amplifiers and discriminators. Measurements 
of the finite resolution time of the photon counting system yielded 
a value of 0.6S X 10-9 seconds. Finally we verified that the 
effect of the spread in transit time of the photoelectrons is in 
fact of such magnitude as to be responsible for the observed re¬ 
duction of the theoretical cosine modulation index by assuming a 
gaussian system function and its convolution with £(r) (Ref. 7.). 

The results of these measurements of the irracliance auto¬ 
correlation function in the time domain are in good agreement 
with comparable measurements in the frequency domain and also 
with conditional counting probability measurements of Arecchi 
et al.8 Frequency analysis of the fluctuating component of a 
photodetector analog signal yielded a value of 380.45 MIIz for the 
frequency separation between the two axial modes. The period 
of oscillation of the component of the irradiance auto-correlation 
function due to the correlated irradiance fluctuations yielded a 
value of 370 MHz =t 15 MHz for the frequency separation be¬ 
tween the two axial modes. The accuracy is limited by the time 
resolution of the Ortec model 437A TAC, which is lOp sec on the 

50n sec conversion range. Measurements of the mode linewidth 
with the use of a spectrum analyzer yielded a value of the phase 
diffusion constant, 1) < 105 sec-1; this is consistent with the 
negligible decrease in the depth of modulation observed for r 
values up to about 40 X 10-9 sec. 

While measurements of irradiance correlation functions can, 
in principle, be used to determine the mode structure and degree 
of phase locking of a laser beam, the complexity of the correlation 
functions limits the usefulness of this technique to cases where the 
mode structure is simple (less than four modes present in the 
beam). Also the maximum value of the axial mode separation 
frequency that can be resolved effectively is about 1 GHz equiv¬ 
alent to a period of 9 PHA channels. 

However, irradiance correlation function measurements can be 
successfully made on weak optical fields, whereas considerable 
difficulty is encountered in the performance of equivalent mea¬ 
surements on weak fields with frequency analysis techniques. The 
measurements described were performed on an optical field of 
mean irradiance of the order of 10-12 W. These techniques are 
now being applied to analyze weak fields produced by optical 
nonlinear processes.9 

This research was jointly sponsored by ONR under project 
THEMIS and by a NASA Research grant NSG-6-59. 
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APPENDIX II 

MEASUREMENTS OF PHOTON CORRELATIONS OF SECOND HARMONIC GENERATED LIGHT* 

F. Davidson,f J. Klebba, C. Laurence, and F. Tittel 

Electrical Engineering Depcn'bnenti Rice University, Houston, Texas 77001 
(Received 22 May 1970) 

Results of measurements of the second-order intensity correlation function of the optical 
field produced by cw optical second harmonic generation in a LiNbOs crystal pumped by a 
He-Ne laser operating in two independent axial modes are reported. The observed correlation 
function is shown to be in agreement with theoretical descriptions of second harmonic genera¬ 
tion and with coherence theory. 

This letter reports the first measurement of the 
second-order intensity-correlation function of cw 
second harmonic laser light. As a result of the 
rapid development of nonlinear devices, in partic¬ 
ular harmonic generators, it is of interest to ex¬ 
plore the statistical nature of the non-Gaussian 
optical fields associated with second harmonic 
generation in order to assess the influence of the 
statistics of the pump field and the nonlinear 

parameters of the medium. Some experiments 
have been discussed previously using as a pump 
source a pulsed solid-state laser1’2 but reliable 
pulsed-laser measurements arc difficult to per¬ 
form and the results of any such measurements 
are not easily interpreted since pulsed high-power 
solid-state lasers usually lack spatial and tempo¬ 
ral coherence in their output. 

With the photon counting system shown in Fig. 1 

117 
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FIG. 1. Apparatus used to mea¬ 
sure second-order intensity cor¬ 
relation function of optical field pro¬ 
duced by second harmonic genera¬ 
tion. 

we have measured the normalized intensity 
fluctuation autocorrelation function X(r) for radia¬ 
tion produced by second harmonic generation 
(SHG) in lithium niobate (LiNb03) pumped with the 
focused beam of a continuous He-Ne laser operat¬ 
ing in two independent axial modes. X(r) is given 
hy (: AI(.v, t) A/ (.v, t + r):) / (: I(x): )2 where the 
colons denote a normally ordered product of 
operators and the angular brackets symbolize an 
ensemble average over all realizations of the field 
intensity. The procedure for the measurements of 
A(T) involves the use of a time-to-amplitude con¬ 
verter (TAC) and an associated computational pro¬ 
cedure. 3 The TAC output pulses were stored in a 
512-channel pulse-height analyzer (PHA). The 
rate 7?(r) at which conversions that correspond to 
photons absorbed at the space-time points x, / and 
x, t + r are stored is given by 

R(r) = alCS1a2CS2&T<: J(x, t)T(x, t + r) 

xexp [-a2CS2f‘tT I(x, t')dt']exp[-aiCS1 
t-TL 

x f* J(x, t")dt"]\ >x dead time factor. (1) 
* ”^u> 

and a2 are the dimensionless quantum efficien¬ 
cies of the photoelectors, Sx and S2 are the effec¬ 
tive surface areas of the photodetectors, Tw is the 
full scale TAC conversion range, TL is an arbi¬ 
trary delay introduced to identify true coinci¬ 
dences, and AT is the width in seconds of each 
channel of the PIIA. 

If the photodctector average counting rates 
R\> Rz> given by Rlt2 = alt2CSlf2 (: 7 (x): >, are kept 
sufficiently low that RXTW and R2TW« 1, R(r) re¬ 
duces to 

/2(r)=iR1/22AT[l + A(T)]. (2) 

R(r) is then constant and independent of r for a 
field with no correlated intensity fluctuations. 
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The pump wavelength chosen for our measure¬ 
ments was the 1.1526-ju line of a He-Ne laser. 
This creates a harmonic radiation field at 0. 5763 fi 
which is detected using photomultipliers with S20 
cathode response. The two-mode output of a 
Spectra Physics Model 120 laser with about 
lxlO"3 W in the TEMw mode was focused into a 
stoichiometric LiNb03 crystal phase matched at a 
temperature of 176.6 cC. The second harmonic 
light (5~ 10"6 W) emerging was polarized, filtered, 
and coupled to a 0.25-m monochromotor which 
serves as a selectable narrow band filter. The 
SHG signal is then split into two beams, each of 
which is detected by a cooled C31000F photo¬ 
multiplier. The performance of the counting appa¬ 
ratus was verified by observing the TAC conver¬ 
sion rate R(r) of an optical field produced by a 
6328-A He-Ne laser operating first in a single 
axial mode and then in a two-mode regime. The 
result of measurements of X(T) of second harmonic 
radiation are shown in Fig. 2. This figure dis¬ 
plays the number of counts stored in each channel 
of the PHA as a function of photon arrival time 
difference. The observed cosine modulation fre¬ 
quency of the two-photon counting rate corresponds 
to the axial mode frequency separation of the He-Ne 
laser (c/2L = 380.7 MHz) as observed with a scan¬ 
ning Fabry-Perot interferometer or rf spectrum 
analyzer. All measurements were made with a 
TAC conversion range of 50 nsec and an average 
SHG photon counting rate of about 2x 105 counts/sec. 

The irregularities of the cosine modulation in 
Fig. 2(a) are not due to intensity fluctuation cor¬ 
relations but due to nonlinearities present in the 
electronics, in particular in the TAC. This is 
verified by first accumulating 20 000 TAC conver¬ 
sions per channel for SHG light produced from the 
two-mode laser and then subsequent accumulations 
of conversions in the PHA subtract mode produced 
by radiation from a single-mode laser. The dark 
current counting rate for the two photodetectors 
was sufficiently low (< 103 counts/sec) that it could 
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FIG. 2. (a) Number of TAC conversions as a function 
of channel number. Each channel is 100 ± 5 psec in width, 
with true coincidence (T = 0) corresponding to channel 
No. 206; (b) number of TAC conversions as a function of 
channel number, corrected for nonlinearities in the 
electronics that process the photomultiplier pulses. 

be neglected. The normalized autocorrelation 
function A(T) can then be deduced directly from 
R(T) and is given by x(r) = fi?(r) - i?1i?2AT]//t,R2AT. 

The result of the measurement on the SHG radia¬ 
tion induced by a laser oscillating in two indepen¬ 
dent modes is given by 

domness that may be associated with K. For a 
two mode with an axial mode separation frequency 
Aco and complete spatial coherence, 

0 ^SHG(
x> f)^8Ho(x> t + r): )/(:/SHG(

x) : )z 

= 1+|- cos AWT+ cos 2AOJT . 

Therefore, the theoretically expected behavior of 
A(T) is approximately given by f- cos A or since the 
contribution of the 2Ace term to the modulation 
amounts to less than 2%. 

The considerable difference between the ob¬ 
served maximum value of \(T) and the theoretically 
expected maximum value is due to the finite time 
resolution of the electronics and a decorrelation 
effect due to the use of focused beams in the pro¬ 
duction of the SHG radiation field. Measurements 
of the time slewing of the photon counting system 
yielded a value of 0.7 nsec which reduces the 
theoretical modulation amplitude from 89 to a 25% 
depth of modulation under the assumption of a 
Gaussian system function and its convolution with 
.R(T).

5 Theoretical analysis of the propagation of 
coherence functions in nonlinear crystals6 indi¬ 
cates that the temporal dependence of the intensity 
correlation function of SHG radiation fields is 
deducible directly from the time dependence of the 
intensity correlation functions of the pump radia¬ 
tion field, but that the spatial coherence of the 
SHG field cannot be directly deduced from the 
properties of the pump field except in the case of 
a plane-wave pump field. Since the pump field in 
this experiment was neither completely spatially 
coherent nor a plane wave, the SHG field should 
be even less spatially coherent than the pump field. 
The spatial incoherence of the SHG incident on the 
photodetectors resulted in a further reduction of 
the modulation amplitude from 25 to 13%. The ob¬ 
served temporal dependence of the second-order 
intensity correlation function of the SHG field is 
in good agreement with that predicted from the 
temporal coherence properties of the pump field. 

X(T) = 0.13cos 2TTX3. 7x 108
T 

corresponding to a cosinusoid of average period 
given by 27 channelsx 100± 5 psec per channel. 

Assuming perfect 90 ° phase matching for 
focused pump radiation, it can be shown4 that the 
SHG radiation field intensity is given by Is HG(x, t) 
= K /|uMP(x, /), where K is a nonlinear coupling 
parameter. Hence any fluctuations that may exist 
in the SHG output are determined by both the 
fluctuations of I%UMP(x, I) and a term not correlated 
with /pUMP(x, I) which takes into account any ran- 
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