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The temporal dispersion of an optical spectrometer has been characterized for a variety of conditions
related to optical diagnostics to be fielded at the National Ignition Facility 共e.g., full-aperture
backscatter station, Thomson scattering兲. Significant time smear is introduced into these systems by
the path length difference through the spectrometer. The temporal resolution is shown to depend
only on the order of the grating, wavelength, and the number of grooves illuminated. To enhance the
temporal resolution, the spectral gratings can be masked limiting the number of grooves illuminated.
Experiments have been conducted to verify these calculations. The size and shape of masks are
investigated and correlated with the exact shape of the temporal instrument function, which is
required when interpreting temporally resolved data. The experiments used a 300 fs laser pulse and
a picosecond optical streak camera to determine the temporal dispersion. This was done for multiple
spectral orders, gratings, and optical masks. © 2008 American Institute of Physics.
关DOI: 10.1063/1.2972022兴

I. INTRODUCTION

Optical spectrometers are instruments employed by several diagnostics systems at many high energy density facilities, including the full-aperture backscattering station
共FABS兲 at the National Ignition Facility.1 FABS is designed
to measure the backscattered light from stimulated Raman
scattering 共SRS兲 and stimulated Brillouin scattering 共SBS兲
instabilities in plasmas. For SBS and SRS the wavelength is
sensitive to electron temperature and the electron density,
respectively.2 Furthermore, experiments at the Nova Laser
facility have demonstrated the accuracy of Thomson scattering in the measurement of densities, electron temperatures,
and average ionization levels.3 Additional experiments have
used the Thomson scattering technique to measure incoherent and collective features of laboratory plasmas.4,5 Since
plasmas produced by intense laser light are often short lived,
with parameters changing on the time scale of tens to hundreds of picoseconds, temporal resolution of spectral features
are important to investigating these plasmas. One limitation
on the temporal resolution is the time smear introduced by
the spectrometer. The optical path length through the spectrometer varies for rays reflected from different parts of the
grating, causing a delay for different parts of the pulse. The
difference in path length is calculated and shown to only
depend on order, wavelength, and number of grooves illuminated. We report an experiment conducted to test these calculations. The temporal dispersion was measured for many
gratings and spectral orders. Masks were used to limit the
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number of grooves illuminated as well as to study the relationship between the area of the grating illuminated and the
temporal instrument function.

II. THEORY

The temporal broadening introduced by a spectrometer
shown in Fig. 1 is a result of the path length difference light
travels through the spectrometer. In a standard spectrometer
with reflective optics, the only path difference is introduced
by the effects of diffraction at the grating. The path difference of radiation reflected from adjacent groves, ⌬l, is given
by
⌬l = d共sin ␣ + sin ␤兲,

共1兲

corresponding to
⌬ltot = nd共sin ␣ + sin ␤兲,
⌬ltot = nm0 ,

or
共2兲

where m is the order, n is the total number of grooves illuminated, and 0 is the wavelength of the laser. Photons arriving at the detector from opposite ends of the grating are
thus offset temporally by

␦tg =

nm0
.
c

共3兲

As seen from Eqs. 共2兲 and 共3兲, there is no broadening for the
zero order case for which ␣ = −␤. This is sensible as the
zeroth-order case corresponds to a purely reflective imaging
system, through which all optical paths are equal.
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FIG. 1. 共Color online兲 Grating geometry is shown. Path differences along
the length of the grating are one cause of the temporal smearing. The angle
labeled as ␤ in the figure is actually negative ␤, given the measurement
convention described in the text.

III. EXPERIMENT

To measure the time smear introduced by the grating, a
300 fs laser pulse was propagated through a Czerny–Turner
spectrometer and imaged by a streak camera 共Hamamatsu
C7700-S20兲. A 1 m diffraction grating spectrometer 共Acton,
AM510兲 was employed for the experiment. The theory of
diffraction grating spectrometry is well established and can
be found elsewhere.5–7 The laser pulse duration is much
smaller than the time resolution of the spectrometer, thus any
variation or structure in the pulse is unresolvable and any
measured temporal profile can be attributed to optical path
differences across the grating. To measure the temporal dispersion, a 1 共1053 nm兲 laser pulse is frequency doubled
and sent through the spectrometer. The resulting 2 light is
focused in the plane of the entrance slit using an f / 5 lens
that, when passing through the entrance slit, slightly overfills
the f / # of the spectrometer 共f / 7兲, ensuring that the grating is
fully illuminated. The streak camera slit is aligned to the exit
plane of the spectrometer.
The streak camera was operated at various sweep speeds
from 0.5 to 5 ns, depending on available laser signal. The
temporal resolution of the streak camera is ⬃1% of sweep
time, making any broadening introduced by the camera negligible compared to the dispersion introduced by the grating.
The temporal smearing was measured for 300, 1200,
1800, and 2400 lines/mm gratings and for five spectral orders using the 300 lines/mm grating. To test the dependence
of the broadening on the number of grooves illuminated,
measurements were made using a variety of optical masks.
The masks were placed in front of the first spherical mirror

FIG. 2. 共Color online兲 Raw data obtained from streak camera for a 1800
lines/mm grating and a sweep time of 1 ns.

FIG. 3. 共Color online兲 Temporal profile of a measured pulse. The sharp rise
and fall of the intensity define the temporal width of the pulse.

to limit the area of the grating that is illuminated by the laser.
Different mask geometries were used and correlated with the
temporal instrument function.
IV. RESULTS

Figure 2 is a typical image recorded by the streak camera, in this case using an 1800 lines/mm grating and a 1 ns
sweep. The 300 fs pulse has been stretched out by the spectrometer to ⬃300 ps. Light imaged at different times is reflected from different parts of the grating. Another feature
seen in the image is the temporal separation of wavelengths
or “chirp” introduced by the finite bandwidth of the laser and
the slight variations of incident angle across the grating. A
chirp is a signal in which the frequency changes in time. One
observes the chirp in the spectrum detected by the streak
camera; longer wavelengths arrive later in time. It is worthwhile to discuss the origin of this effect in the present data
and then its relevance to the more complex spectra of interest

FIG. 4. 共Color online兲 Dependence of temporal dispersion on the number of
grooves illuminated. Different gratings are employed to vary the number of
grooves illuminated.
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FIG. 5. 共Color online兲 Dependence of temporal dispersion on the number of
grooves illuminated. Masks are used to restrict how much of the grating is
illuminated.

for applications. The chirp arises because short pulses inherently have large bandwidth. Specifically, any feature in the
signal having a duration ⌬ will necessarily have a frequency spread of at least ⌬f = 共2⌬兲−1 cycles/ s. To understand the chirp at the exit plane of the spectrometer, it is
important to realize that both the time the light arrives at the
spectrometer and its wavelength are directly related to the
position on the grating from which it was reflected. Light
coming from the end of the grating closer to the camera
arrives earlier than light from the grating’s opposite end. Furthermore, light incident on different parts of the grating will
make different angles with respect to the grating normal,
corresponding to different wavelengths that satisfy the grating equation. The signal observed at any given wavelength
on the exit plane is produced by only a limited number of
grooves on the grating, and correspondingly experiences less
smearing in time than the total signal does. If one can clearly

FIG. 6. 共Color online兲 Dependence of temporal dispersion on spectral order.
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FIG. 7. 共Color online兲 Effect of a spatially nonuniform beam on the temporal instrument function. Variations in intensity across the grating result in
temporal variation in the image.

see such a chirp in data, one can infer something about the
duration of the event that produced the signal. In contrast, in
an application producing a complex spectrum 共or with large
spectral bandwidth compared to ⌬f兲, one may well be unable
to observe the chirp. In this case the time resolution of the
measurement corresponds to the total duration of the signals
observed in the present measurements and described by the
theoretical relations above.
Figure 3 shows a temporal profile of a measurement
made in first order 共m = 1兲 with n ⬃ 28 700 grooves illuminated. A polynomial function is fit to the background noise
and two lines are fit to the sharp rise and fall of the signal.
The intersection of the two edge lines with the polynomial
define the beginning and end of the pulse, which defines the
temporal dispersion 共␦tg兲. The error bars in later figures reflect our assessment of the accuracy with which ␦tg can be
determined from the data.
Figure 4 shows a linear relation between the number of
grooves illuminated and the temporal broadening. Different
gratings were used to change the number of grooves illuminated. To vary the length of the grooves in the grating being
illuminated, spectral masks were employed. Using square
masks of varying sizes, it can be seen that the temporal
broadening of the pulse depends on the length of the grating
orthogonal to the grooves. Masking of the height of the grating only serves to reduce the transmission of the system. The
mask was put in front of the mirror, therefore the projection
of the mask onto the grating was used to determine the number of grooves illuminated. In Fig. 5, the broadening is seen
to be linear with respect to the number of grooves illuminated, as predicted by the theory.
In a similar fashion, the dependence of the dispersion on
spectral order was measured using the 300 lines/mm grating
for several spectral orders 共m = 1 , 2 , 3 , 4 , 5兲. For higher spectral orders, the signal intensity was only slightly above the
background, creating greater errors in the method for measuring the broadening. Figure 6 shows the results of the
measurement.
Figure 7 shows a measurement made when the grating
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was not uniformly filled; namely, the intensity peaked at the
center falling off significantly at the edges. Since the laser
spot is imaged onto the grating, any variation in intensity
along the length of the grating 共orthogonal to grooves兲 will
be detected as an intensity variation in time in the streak
camera image. Variations in the beam profile can be clipped
out by employing an optical mask on the spherical mirror.

V. CONCLUSIONS

The time smear introduced from path length through the
detector has been analyzed and found to depend only on the
order of the grating, wavelength, and the number of grooves
illuminated, in accordance with the theory developed. Furthermore, the shape of the instrument function is related to
the intensity distribution on the grating and the effects introduced by optical masks were discussed and correlated with
the temporal instrument function.
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