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Abstract

A novel method for measuring ultrashort pulses of incoherent radiation is

proposed. The method is based on detecting the fluctuations of the visi-

bility of interference fringes in a two-beam interferometer. It is shown that

the dispersion of the fluctuations is proportional to the convolution inte-

gral of the instantaneous intensity in the pulse. Using statistical analysis

of the interference patterns allows, in many practically important cases,

to restore the shape of the pulse.
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The necessity to measure ultrashort pulses of incoherent radiation is encountered in

many fields of pure and applied research. Such pulses can be produced by high-energy short

bunches of charged particles [1], or bremsstrahlung from a laser generated hot plasma [2].

Nowadays, short pulses of incoherent radiation can only be resolved by a streak camera with

the time resolution not exceeding fractions of a picosecond. Advancing to shorter pulses

in future accelerators [3] makes it necessary to search for higher time resolution and less

expensive diagnostic techniques.

In this Letter, we propose a novel method of interferometric technique for measuring

ultrashort pulses of incoherent radiation. The method is based on the observation of the

interferometric fringes produced by each single bunch in a two beam interferometer. It is

conventionally assumed that incoherent light does not form interferometric pattern beyond

its coherence length. This is, however, only true for a quasicontinous sources of light and

the detector that averages over many coherence times. If the pulse length is commensurable

with the coherence length of the radiation, the interference pattern produced by a single

bunch can be detected. The visibility of this pattern would average to zero over many pulses,

however, it is possible to measure fluctuations of the visibility and, using statistical analysis

to determine standard deviation for these fluctuations. We show that the dispersion of the

fluctuations of the visibility is directly

intensity in the pulse. Measurement

in many practically important cases.

related to the convolution integral of the instantaneous

of this function allows to recover the pulse structure

Note that this kind of measurements does not require

a fast detector and can be performed with a time

duration.

We assume that the electromagnetic field of the

resolution much

radiation can be

lower than the pulse

described in terms of

the classical field, which is true if the number of photons in the coherence volume is much

greater than unity. Incoherent pulses of radiation are characterized by that the length of

the pulse Tp is much longer than the reciprocal effective spectral width ~w, ~wrp >>1. Let

us denote the coherence time 7COh  N Au–l, associated with the frequency spread Aw, and

introduce the ratio N = 7P/~COh  equal to the number of coherent slices within the pulse. The

2



parameter N determines the level of fluctuations in the measurements that we discuss below.

In many cases, the natural spectral width Aw is so large that N greatly exceeds unity, and

the relative fluctuations are negligible. In order to increase their role, we need to control the

spectral width Aw using a filter. In what follows, Aw represents the spectral width of the

pulse after passing through the filter with the central frequency WO. Fig. 1 shows a possible

realization of an incoherent electric field E (t) for a pulse with the instantaneous intensity

1 (t) = (113 (t)12) = 10exp  (–t2/21-~)  and N = 10. As is seen from this figure, the pulse

is made of about ten independent coherent parts each of which has a random amplitude

and phase. A detector measuring the integrated intensity of the pulse J_~~ \ E (t) 12 dt would

show fluctuations from one pulse to another with a relative variation of the order of N–  112.

Finding the amplitude of these fluctuations, in principle, allows to evaluate the parameter

N and, for a given Aw, determine the length of the pulse ~P N N/Aw.  Conversely, if the

length of the pulse is known, this kind of measurement can be used to find the spectral width

Aw. Note that in addition to pulse-to-pulse fluctuations, one can use several nonoverlapping

filters at different central frequencies to produce independent fluctuations in the same pulse.

For a wide-spectrum pulses, using many filters would allow an approximate evaluation of

the pulse length even in a one-pulse measurement.

Fig. 1. Electric field of a pulse of incoherent radiation as a function of time. The

ratio Aw/wO  = 0.1, and the parameter N = 10. The dashed lines show
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A more detailed information about the pulse can be obtained from the normalized co-

herence function ~ (t) E r (t)/I’  (0), where

The absolute value of ~ (t) can be found from the measurement of the visibility of interference

fringes generated by a splitting of the pulse in a two-beam interferometer. For a given 7-,

~ < ~P, the functions E (t) and E* (t – ~) in Eq. (1) partially overlap, and the number of

coherent slices n in the overlapping region is approximately equal to n s (T. – T)/TCOh < N.

The visibility of the interferometric pattern will be determined by a superposition of n

random sets of fringes each of which is generated by an interfering pair of coherent slices.

Because of the randomness of these patterns, the resulting visibility will fluctuate with a

rms value of the order of n– 1/2. Obviously, the statistical properties of these fluctuations, as

a function of the time delay ~, will be related to the intensity distribution in the pulse; as

shown below, the rms value of the fluctuations of the visibility for a given r is proportional

to the convolution of the intensity 1 (t) in the pulse. For the values of N in the range from

about 10 to 100, the expected fluctuations will be approximately 30 to 10 percents, and can

easily be detected even for low-intensity beams.

The above consideration assumed that the quantum fluctuations of the number of pho-

tons in the detector are negligible. If this is not the case, these fluctuations will superimpose

on the random fluctuations described above. Note, however, that the information about the

pulse shape will still be present in the interferometric pattern, although, a larger statistics

will be needed to suppress the additional noise introduced by the quantum fluctuations.

To relate the fluctuations of r with the pulse parameters, we represent the electric field

of the pulse in the detector E (t) as a product of two functions,

E(t) =A(t)  e(t), (2)

where e (t) is a stationary complex-valued stochastic process [4], and A (t) denotes a (de-

terministic) complex amplitude of the pulse, A (t) = ~e-i~tt),  where

taneous radiation intensity and p (t) is the phase of the pulse envelope.
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time of the variation of both functions

Tp.  Related to the fluctuational part of

A (t) and p (t) is of the order of the pulse duration

the field e (t) is a correlation function K (~),

(4)

(3)

where the angular brackets denote ensemble average. The Fourier transform of K (t) gives

the spectrum of the radiation in the pulse; it oscillates with the frequency q and falls off

on the scale of the coherence time TCOh. The coherence function (1) is then equal,

Using Eq. (3), we can easily find the average value of 17 (~),

(5)

Being proportional to ~ (t), (r (t)) approaches zero when ~ > ~COh,  and because ~COh  is much

smaller than the characteristic time of variation of the functions A (t), we neglected r in its

argument. Eq. (5) represents a result of the conventional interference theory, which tells

that the average interference pattern is observable within the coherence time of the incident

light. Measuring (I’ (~)) provides the information about the correlation function K (T-) only,

and hence the spectrum of the pulse; the function 1 (t) cannot be extracted from (I7 (~)).

Now, we want to show that the fluctuations of r (I-)  around its average value indeed carry

the information about 1 (t). To this end, we calculate the absolute value of the dispersion

dr (T) of the fluctuations of the absolute value of 17 (t). For dr (~) we have

(6)



For the normal stochastic process, the fourth order correlators are reduced to the sum of

the products of the second or correlators, yielding

The first term in Eq. (7) appears in the theory of Hunbury Brown – Twiss interferometry

[5], however, it does not contain information about the pulse shape. It will be canceled by

the last term in Eq. (6). Putting the second term in Eq. (7) into Eq. (6) and using the fact

that K (~) is a narrow function in comparison with A (t) gives the final result,

(8)

Note that dr (~) is proportional to the convolution of the intensity 1 (t). Precise determi-

nation of a pulsewidth requires further knowledge about the shape of I(t), however, if ~(t)

were known to be symmetric, its shape could be deduced from its convolution function [6].

We have performed computer simulation of the fluctuations of the interference pat-

tern produced by light pulses in a two-beam interferometer. The code generates

the function Rer (~) resulting from the interference of a pulse with intensity 1 (t) =

10 exp (–t2/2r~)  of partially coherent light having a Gaussian spectrum of width Aw

at the frequency W.. The normalized correlation function for the Gaussian spectrum is

K (~)/K (0) = exp(–Aw2~2/2).  We have chosen the frequency W. = 3.1015 s-l correspond-

ing to the wavelength 630 nm, and the pulse length 7P = 30 femtosecond. The spectral

width was assumed Aw/wo  = 0.1. Fig. 2 shows the function [ReI’  (~)]’ for a single pulse

similar to that shown in Fig. 1. The peak at the origin (~ < 10 fs) occurs in accordance

with Eq. (5) for the average value (I7 (t)), I (I’ (T)) [ cx exp(–Aw2~2/2).  The rest of the plot,

corresponding to ~ > 10 fs, represents a fluctuation of r (~) with an average value equal to

zero. Fig. 3 shows [Re17  (~)]2 averaged over 100 pulses along with the theoretical dependence
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given by Eq. (8). We changed the vertical scale on this plot to emphasize the fluctuational

part of r (~); the peak at the origin representing (r (t)) is cut off in our plot. As we see,

on the average, [Rer  (~)]  2 agrees with the convolution function of the intensity of the pulse.

This example demonstrates that in the visible light one can easily measure pulse lengths in

the range of tens of femtosecond. For shorter wavelengths, one can achieve even better time

resolution, with the principal limitation of the method being several periods of oscillations.

Fig. 2. [Rer (~)]z for a single pulse.

Fig. 3. [Rer  (~)]2 averaged over 100 pulses (thin line) and the theoretical

proportional to the convolution of the intensity, given by Eq. (8) (heavy line).

value

Practical realization of the interferometry in the proposed method will depend substan-

tially on the duration of the pulses. For short pulses (less then a picosecond) one can use
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Michelson interferometer and observe interference fringes with a CCD detector. For longer

pulses, (a few picosecond and more) a scheme using a blazed diffraction grating [7] can be

utilized.

In summary, a technique is proposed, capable of measuring short pulses of incoherent

radiation. It is based on the observation and statistical analysis of fluctuations of the

visibility of the interferometric pattern produced by single bunches. The method can be

realized with a photodetector that, by itself, cannot resolve the pulse length. It is best suited

for repetitive pulses (e.g., radiation of bunches in a circular accelerator) when statistics can

be accumulated over many pulses.

I. ACKNOWLEDGMENTS

The authors are thankful to A. Zholents for useful discussions. This work was supported

by Department of Energy contract DE-AC03-76SF00515.



REFERENCES

[1] P. Kung et al., Phys. Rev. Lett., 73,967 (1994).

[2] M.D. Perry and G. Mourou, Science, 264,917 (1994).

[3] J. Murphy, in Proceedings of the Micro Bunches Workshop (Brookhaven, New York,

28-30 September, 1995), in publication.

[4] D. R. Cox and H. D. Miller, The Theory of Stochastic Processes, (John Wiley Inc.,

New-York, 1965).

[5] W. Lauterborn, T. Kurz and M. Wiesenfeldt, Coherent Optics, (Springer, 1995).

[6] E.P. Ippen and C.V. Shank, in Ultrashort Light Pulses, edited by S.L. Shapiro, (Springer-

Verlag, 1977), p. 83.

[7] V. Devrelis, M. O’Connor and J. Munch, Applied Optics, 34,5386 (1985).


