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diode thermometry, and to V. Wang for technical
assistance.

1

For a discussion of diode thermometry, see D. L. Swartz and

J. M. Swartz, Proc. of JSA-76 Int '/ Cont. and Exhibit, Houston,
Oct. 1976 (lnstrum. Soc. Am. New York, 1976), pp. I-IS.
The diodes used are Model DT-SOOFP-HRC, Lake Shore
Cryotronics, Inc.
• At this current level the diode self-heating is more than three orders
of magnitude smaller than the heater power.
• Ref. I, Fig. 64a.
3

1

A discussion of thermal conductivity is given in NBS Monograph
131 and references cited therein (G. E. Childs, L. J. Ericks, and
R. L. Powell, Thermal conductivity of solids at room temperature
and below (Cryogenics Div., NBS, Sept. 1973).
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A method for the measurement of fluorescence lifetimes with subpicosecond resolution is
described. The temporal resolution is achieved by using the high harmonic content of the
synchrotron radiation produced by an electron storage ring.
The importance of relaxation process in the nanosecond
and subnanosecond time scale in organic biological
molecules is now quite clear. One technique available
for the study of fast relaxation processes is the measurement of the lifetime of the excited states.
Pulsed light sources together with delayed coincidence or with single photon counting1•2 have been
used for fluorescence lifetime measurements. In these
experiments the fluorescence is measured in the time
domain, this has the advantage that no a priori assumptions need to be made about the shape of the decay.
However, the time resolution is limited by the width of
the light pulse and by the photomultiplier response.
Elaborate computa~ional techniques have been used to
deconvolve the instrumental response.a-s To achieve
picosecond resolution, picosecond light pulses have
been used. 6 •7
On the other hand, it is well known 8 that a fluorescent
probe excited with intensity modulated light fluoresces
with a phase-shift and a modulation simply related to
incident radiation. In the case of an exponential decay
tan</>

= 27TV T; R =Me/MF=
0

[I

+ {27TvoT)

2 112
,
)

(I)

where </> is the phase shift, 110 the excitation frequency,
'T the excited state lifetime, Me the modulation of the
excitation, and MF the modulation of the fluorescence.
In general it is relatively easy to measure the phase
and subnanosecond9 •10 or even picosecond resolution is
possible. 11 However, the phase shift method presents
several inconveniences: (a) Eq. (l) is only valid when the
decay is a single exponential-this limitation may be
overcome using a set of exciting modulation frequencies;
and (b) to obtain picosecond resolution, high modulation frequencies are required.
We want to demonstrate that a high-repetition-rate
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pulsed light source with narrow pulses can be used to
combine the advantages of the pulsed and the phase
shift method. Typical examples of such Light sources are
synchrotron radiation, cw mode-Locked, cavity-dumped
lasers, and Pockets cell or acousto-optic modulated
light. For the present discussion we will use the properties of the synchrotron radiation (SR) from an Electron
Storage Ring (ESR) but the argument is e.asily extended
to other light sources. Synchrotron radifition cdnsists
of a series of equally spaced, nearly Gaussian, tmlses
with constant repetition frequency 110 , amplitude A, and
constant width 2A. It has recently been shown that the
shape is wavelength independent. 12 The intensity of the
SR can be described by the time series
f(t)

= [l/A(27T) 112]
X

exp[-(! - nT0) 2 /2A2 ], n

= 0, 1, 2, ... ,

where T0 is the repetition period and 2A the width of
the Gaussian ·pulse. The harmonic content is given by
the Fourier transform of the time series:
G(w) = 8(w - won)

exp[-(Aw) 2/2], n

= 1, 2, 3, ... ,

where w0 is the fundamental frequency. Since the power
spectrum is proportiqnal to IG(w) I2; energy is availame
over a wide range of frequencies if A is small. Using
presently available techniques, we can measure phases
with an accuracy of 10- 1 degrees and amplitude ratios
with an accuracy of 10-3 over the frequency range
1- IOOO MHz. Table I lists (a) some of the timing characteristics for the SR of three presently operating ESR
(ACO-Orsay; SPEAR-Stanford; ~oris-Hamburg),
(b) the frequency of the harmonic whose arnplitutle is
10% of the fundamental, (c) the frequency of the harmonic wpose amplitude is 10% of the fundall\ental
available at the output of a 500-MHz bandwidth photo-
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TABLE I. Electron storage ring, ESR; repetition frequency, v0 ; width
of the Gaussian pulse, 2.1.; frequency of the harmonic whose intensity
is 10% of the fundamental, vh; maximum resolution possible for a 10- 1
degree phase measurement, .6.T,.; maximum resolution possible for a
10-3 modulation ratio measurement, .6.r,,; vh,· AT,., , AT.11, have the
same meaning as vh• .6.r,., and Ar.11 , respectively , but a frequency cutoff
of 500 MHz is assumed for the photomultiplier.

v,,.,.

Vo

2.1.

l'h

(MHz)

(ns)

(MHz)

Ar,.
(ps)

Ar.11
(ps)

(MHz)

Ar.,.,
(ps)

Ar.11,

ESR
ACO
SPEARS
DORIS

13.7
1.3
1.0

I
0.25
0.14

685
2731
4879

0.4
0. 1
0.05

10
2.5
1.5

- 600
- 1500
- 1500

0.5
0 .2
0.2

15
5

(ps)

5

multiplier, and (d) the maximum resolution for single
lifetime measurements for the three ESR in operation.
It appears that subpicosecond resolution can be achieved
and relatively high intensities compared to the fundamental are available.
It is clear that the proposed experiment can be performed with any pulsed light source if the pulse shape
and the period fulfill some requirements. The most
important parameter is the rise and faJl time of the
pulse since this determines the high-frequency harmonic content. The repetition rate determines the totaJ
intensity and the spacing between harmonics. Very
impressive time resolution can be attained using cw
mode-locked cavity-dumped fast repetition lasers. Since
sine-wave modulation has a higher integrated intensity
than pulse modulation it is advantageous when possible.
To summarize, we have described how the total harmonic content of a light pulse train can be used. Th.is is
advantageous since the energy available in the first
harmonic is only a small fraction of the totaJ energy
and since broad intensity spectrum can be used to
separate multicomponent decays. In addition subpicosecond resolution is possible using the available highfrequency sources.
Excitation with light pulses with high harmonic con-

tent cannot give rise to interference in the fluorescence
intensities unless the single decay obeys nonlinear
differential equations: this may be the case with strong
laser pulse excitation. The noise of the photomultiplier is essentially flat so that the contribution over a
small range of frequency is small and measurement
over a narrow bandwidth increases the signal-tonoise ratio. To increase further the sensitivity of the
method, heterodyne techniques can be used .9 Although
the phase measurement requires a stable reference
signal at each harmonic to be measured. the amplitude
measurement does not and the modulation could simply
be measured with a spectrum analyzer. It is clear that
at this level of time resolution the main limiting factor
will be the optical design of the experiment.
We thank L. B. Sorensen for helpful discussion.
One of us (RLD) wishes to thank Professor S. Doniach
for help and support. Material incorporated in this paper
was developed with the financial support of the NSF
with the cooperation of the Department of Energy.
" Permanent address: Laboratoire de Photophysique Moleculaire
(CN RS). Universite de Paris Sud, Biiriment 213. 91405 Orsay.
France.
1 W. Ware, in Creutivn and Detection of the Excitt•d State. edited
by A. A. Lamola (Marcel Dekker. New York, 1971). Vol. I.
i S. Cova, M. Bertolaccini , and C. Bussolati , Phys. Status Solidi (a)
18, 11 ( 1973).
a

A. E. McKinnon, A. L. Szabo, and D. R. Miller, J . Phys. Chem.
81, 1564 ( 1977).

• U. P. Wild. A. R. Holzwarth. and H. P. Good. Rev. Sci. lnstrum.
48, 1621 (1977).
~

B. Valeur, Chem. Phys. 30, 85 (1978).
" D. Uppert, K. D. Straub, and P. M. Rentzepis. Proc. Natl. Acad.
Sci. USA 74, 4138 ( 1977).

' E. P. lppen. C. V. Shank. A. Lewis. and M. A. Marcus. Science
200, 1279 ( 1978).

• F . Dushinsky, Z. Physik 81, 7 (1933).
• R. D. Spencer and G. Weber. Ann. NY Acad. Sci. 158, 361 ( 1969).
in E. W. Schlag, H. L. Selzle, S. Schneider, and J. G. Larsen, Rev.
Sci. Jnstrum. 45, 364 ( 1974).
11 H. P. Harr, U. K. A. Klein, F. W. Hafner, and M. Hauser.
Chem. Phys . Lett. 49, 563 (1977).
' 2 R. Lopez Delgado, Opt. Comm. (to be published).

Simple partial pressure measurement of SF6 in mixtures with
nitrogen
J.M. Marks
Department of Nuclear Physics, Weizmann Institute of Science, Rehovot, Israel

(Received 17 February 1977; in final form, 21 November 1978)

A simple but accurate method for the measurement of the partial pressure of SF6 gas in
mixtures with nitrogen is described. It is based on the ease with which the gases can be
separated by freezing the SF6 •

SF6 gas is commonly used in various mixtures with nitrogen as the filling for pressurized gas switches which are
employed, for example, in pulsed electron beam accelerators.1 These mixtures can be made by slowly admitting SF6 to an evacuated gas cylinder until the pressure reaches the required partial pressure appropriate
for a mixture whose final pressure is determined by the
subsequent filling with nitrogen from a standard cylinder
790
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with an initial pressure of, say, 150 atm. Typically SF6
is present in the range 2.5%-10% and the maximum
pressure of the mixture is then about 76 atm. It is assumed that by this technique complete mixing of the
gases is ensured but it is useful to be able to check independently the composition of a sample, either from the
cylinder itself or from the contents of a gas switch.
The method depends on the possibility of freezing SF6
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