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Very Long Baseline Interferometry (VLBI) observations of the Crab pulsar with the 64-m radio tele-
scope at Kalyazin (Russia) and the 46-m radio telescope of theAlgonquin Radio Observatory (Canada)
at 2.2 GHz and single-dish observations of the millisecond pulsar B1937+21 with the GBT at 2.1 GHz
were conducted to probe the interstellar medium and study the properties of giant pulses. TheVLBI data
were processed with a dedicated software correlator, which allowed us to obtain the visibility of single
giant pulses. Two frequency scales of 50 and 450 kHz were found in the diffraction spectra of giant
pulses from the Crab pulsar. The location of the scattering region was estimated to be close to the
outer edge of the nebula. No correlation was found between the power spectra of giant pulses at the
left- and right-hand circular polarisation. We explain this lack of correlation through the influence of
the strong magnetic field on circularly polarised emission in the region close to the Crab pulsar.

Combining the measurement of the decorrelation bandwidths with that of scattering time of giant
pulses for B1937 + 21, we found three frequency scales of 1.7, 3.8, and 16.5 MHz. The scattering
time of giant pulses of B1937 + 21 at 2.1 GHz was found to be 40 ± 4 ns. We obtained an upper limit
of the intrinsic width of giant pulses from B1937 + 21 of less than 8 ns. The frequency dependences
of the scattering times for the Crab pulsar and PSR B1937 + 21 were found to be different. They are
characterized by exponents of −3.5 and −4.2, respectively. We attribute the difference to the large
influence of scattering in the Crab nebula.

Keywords: Interstellar medium; Pulses

1. Introduction

Pulsar radio emission on its way to Earth is affected by the turbulent interstellar medium (ISM),
which is observed through dispersion, pulse and angular broadening, intensity scintillations,
diffraction in radio spectra, and other effects. Given these effects it is very difficult to study the
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586 V. I. Kondratiev et al.

original properties of the unaffected emission. But, on the other hand, they are very useful to
probe the ISM itself. The most encouraging probes to study the ISM seem to be the giant radio
pulses (GPs) due to their huge flux densities (up to tens of MJy), short durations (of order
nanoseconds), and very high degree of polarisation. Below, we study the properties of the
ISM with the GPs from the millisecond pulsar B1937 + 21 and the Crab pulsar. We have also
used the influence of the ISM on regular pulsar emission to determine an upper limit on the
intrinsic width of GPs.

2. Observations

In this paper, we present a preliminary analysis of VLBI observations of the Crab pulsar with
the 64-m radio telescope at Kalyazin (Russia) and 46-m radio telescope of the Algonquin
Radio Observatory (ARO, Canada) at 2244 MHz and single-dish observations of B1937 + 21
with the GBT at 2.1 GHz.

VLBI observations of the Crab pulsar were conducted between 19–20 July 2005 with the S2
VLBI system [1] providing continuous recording in two 16-MHz bands. We recorded the upper
and lower sidebands (USB and LSB) at the central frequency of 2244 MHz atARO, where only
one polarization channel (left circular) was available, and recorded only the USB for both the
left- and right-hand circular polarization (LCP, RCP) at Kalyazin. Such configuration was used
in order to overcome possible inconsistencies in the designation of polarization channels at
the two observatories. Two observing sessions were carried out, each session lasting for about
3 h with an additional 10 minutes each at the start and the end of the session for observations
of the continuum calibration source DA193.

Observations of the millisecond pulsar B1937 + 21 were done on 7 June 2005 with the
Robert C. Byrd Green Bank Telescope (GBT, USA) at a frequency of 2.1 GHz in both LCP
and RCP with a time resolution of 8 ns. Four adjacent 16-MHz channels (2052–2116 MHz) at
each polarization were digitized simultaneously with 2-bit sampling at the Nyquist rate. The
Mark5A data acquisition system was used for the first time in single-dish observations with
the GBT [2]. This allowed us to obtain continuous and uniform recording for about 7.5 h with
a data rate of 512 Mbps. The quasar 3C286, the radio source 3C399.1, and the planetary nebula
NGC 7027 were observed as well, for flux density and polarization calibration. The system
temperature in all eight separate frequency channels was about 23 K.

3. VLBI observations of giant pulses from the Crab pulsar

3.1 Peculiarities of the data reduction

In our observations, we expected to find large sudden amplitude increases of the cross-
correlation function (CCF) at short and random time intervals when GPs occurred. GPs have
typical time scales of a few microseconds, and their peak flux densities can exceed a million Jy
after dispersion removal. To provide dedispersion and allow for short integration, we developed
a dedicated software for the following functions: time alignment of recorded signals, decoding
of the 2-bit sampling with corrections for current bit statistics, predetection dedispersion, fringe
compensation, calculation of the CCF via FFT, and postcorrelation analysis. The software is
based on a geometric delay model, which we used in a form of polynomial

τg(t) = a + b(t − t0) + c(t − t0)
2 + d(t − t0)

3. (1)
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Probing cosmic plasma with giant radio pulses 587

In our simple case of two radio telescopes, τg(t) represents the relative time delay with the
time at the Kalyazin radio telescope used as a reference. The coefficients of the polynomial
were calculated with the software ‘WinEra’, provided by the Institute of Applied Astronomy
in St. Petersburg [3]. To obtain the fringe frequency, we multiplied the signal recorded at ARO
with the complex function exp(−j2πν0τg(t)). In our case, the residual phase delay can be
written as

φ12(t) = 2π [ν0�τg(t) + �ν0t + φV(t)], (2)

where �τg(t) is the residual delay due to an inaccurate knowledge of the source or radio
telescope position; �ν0 the difference between the LO-frequencies at the observatories; and
φV(t) the phase delay produced by the atmosphere, ionosphere, and scattering medium.

The data reduction was conducted at the Astro Space Center (Moscow, Russia). The data
from the S2 video tapes were copied to hard disk using the Radioastron Data Recorder Inter-
face (RDR). The time delay compensation was implemented in two stages removing first
the integer and then the fractional delays, the latter through phase correction of the spec-
trum together with dispersion removal. The dispersion smearing, τDM, over a 16-MHz band
at a frequency of 2244 MHz for the used value of DM = 56.737 pc cm−3 [4] is equal to
660 μs. The predetection dispersion removal technique [5] requires that the time interval, T ,
used for compensation must be longer than τDM. We used T = 8192 μs (number of sam-
ples, N = 262144) for dedispersion and fringe compensation. The CCFs were computed
via FFT (FX-correlator) on time arrays, �T , of 32 μs duration (N = 1024). The normal-

ized CCF magnitude was derived as Mccf = (√
R2

ccf + I 2
ccf

)
/
(√

acf1 · acf2
)
, where Rccf and

Iccf are, respectively, the real and imaginary components of the CCF, and acf1, acf2 are
the values of the autocorrelation functions (ACF) at zero-lag for the two observing sites for
the given time interval �T . The expected value of the rms deviation of CCF magnitudes
can be estimated as σCCF = 1/

√
N = 0.031. In our search for CCFs on GPs, we used the

threshold of 6σ = 0.186 in a restricted range of time lags of ±0.1 μs, and CCFs with mag-
nitudes greater than the threshold were selected for postcorrelation analysis. The visibility
amplitude was corrected for the signal-to-noise ratio (SNR) by multiplying it with the factor

R = (σt1σt2)/
(√

(σ 2
t1 − σ 2

off1

)(
σ 2

t2 − σ 2
off2

))
, where σt1 and σt2 are GP on-pulse rms deviations

for a given �T , and σoff1 and σoff2 are the equivalent values for the noise portion of the records.
The visibility phase was determined as φV = arctan(Iccf/Rccf) with Iccf and Rccf taken at the
maximum magnitude of CCF.

3.2 Scintillations of the visibility function

The scattering of the initially coherent electromagnetic radiation from a pulsar caused by the
inhomogenities of the cosmic plasma produces angular broadening (θsc) of the source image,
time smearing (τsc) of individual pulses, and diffraction distortion (�f ) of the radio spectrum.
A simple model of a thin screen located midway between Earth and the pulsar provides the
following relations [6]: τsc = θ2

scD/4c, and 2πτsc�f = 1, where τsc is the time smearing
parameter, θsc the angular diameter of the scattered image, D the distance to the pulsar, and
�f the decorrelation bandwidth. The maximum resolution of our two-element interferometer
was equal to θI = λ/B = 4 mas (B = 6750 km), while the angular diameter of the scattered
image corresponding to τsc = 200 ns is estimated to be about 0.4 mas. Therefore, we did not
expect to readily resolve the scattered image, but we hoped to relate certain effects of the
scattering to the time and frequency behavior of the visibilities measured for the GPs.
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588 V. I. Kondratiev et al.

Figure 1. The residual phase of visibility in a time interval of about an hour during VLBI observations of the Crab
pulsar between ARO and Kalyazin (KL) at 2244 MHz. Squares and pluses represent the residual phase in radians
before and after the gap caused by the pointing problems at Kalyazin. Dashed lines represent the linear drift in phase
at the rate of 0.042 rad/s due to the lock-on of LO at one of the observatories.

First, the magnitudes of the visibilities for all strong GPs (SNRCCF > 10), when corrected
for finite SNR (factor R above), are close to 0.92 ± 0.05. So, any clear decorrelation caused
by the diffraction pattern produced in the plane of observations by interstellar scattering
was not detected. In fact, our observations are similar to ‘snapshot’ observations, since
we obtain essentially instant values of the visibility (formal integration time is 32 μs).
However, in the frequency domain, the integration was done over a total bandwidth of
16-MHz, covering many diffraction scintles in the spectrum. We will see below that at least
two scales of diffraction scintles were found in the radio spectra with widths of about 50
and 450 kHz. Following Cordes et al. [7] one will find about 0.4Btot/�f scintles across
a total band, Btot. In our case, the numbers are about 130 and 15 scintles for narrow and
broad structures, respectively. Therefore, we, in fact, average complex vectors of visibility
over that number of scintles, and still have them coherent (no loss of correlation magni-
tude). This result is quite natural, since our two-element interferometer did not resolve the
scattered disk.

Let us now consider the time behavior of the residual phase of the visibility presented in
figure 1 for the period of about an hour. At the beginning of the observing session, one can
see a constant residual phase with only relatively small random variations relative to the zero
level with an rms deviation σ ∼ 0.5 rad. This behavior continues for several minutes after an
observing gap caused by troubleshooting of pointing problems at Kalyazin. Then there occurs
a negative jump in phase followed by a linear drift at the rate of 0.042 rad/s. The reason for
the drift may be the lock-on of the local oscillator system at one observing site with a relative
inaccuracy of 3 × 10−12.

The phase structure function Dφ(τ) = 〈[φV(t) − φV(t + τ)]2〉τ for the Crab pulsar is shown
in figure 2 (left) together with the phase structure function obtained for the continuum source
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Probing cosmic plasma with giant radio pulses 589

Figure 2. Left. Phase structure function of visibility phase variations for the Crab pulsar (circles) and quasar DA193
(squares). Right. The average CCF between power spectra of GPs recorded at LCP at Kalyazin and ARO (circles),
and the average CCF between power spectra of the same GPs recorded at Kalyazin at LCP and RCP (crosses). The
solid line is the approximation of the average CCF with two gaussians having half-widths of 50 and 450 kHz. The
dashed line indicates the broad feature of 450 kHz marginally seen on the average CCF between power spectra of
GPs recorded at Kalyazin at LCP and RCP. The frequency resolution is 30 kHz.

DA193 observed at the beginning of the session. One can see that the phase structure functions
for the pulsar and the continuum source are drastically different. The residual rms phase
variations of the visibility function for DA193 are about 0.1 rad for short-time intervals (τ < 1c)
between measurements, and they are saturated at long-time intervals (τ > 1 min) at a level
about of 0.4 rad in rms. We attribute these variations to the effects of the atmosphere and
ionosphere. The residual rms phase variations of the visibility function for the Crab pulsar are
about five times larger (≈0.5 rad) than those caused by the atmosphere and the ionosphere,
even for the shortest time intervals (there were 73 GPs separated by less than 1 second in
time). Since we do not apply any time averaging of visibility, the observed phase variations
can be interpreted as random angular displacements of the point source in the range restricted
by the scattering disk with diameter θsc. Using relation (2) one can convert the phase variations
to geometrical delay variations via �τg = �φV/2πν0, thus obtaining �τg = 3.5 × 10−11 c.
On the other hand, we can convert such variations in τg to a corresponding scattering diameter
�θτ via the relation [8]

�τg

�θτ

= B

c
cos θ,

where θ is the angle between the source vector and the plane perpendicular to the baseline. For
the part of the observing session under consideration, θ was equal to 15◦, resulting in a projected
baseline length of Bp = B cos θ = 6500 km. Finally, we got an estimate for the scattering
diameter of �θτ = (c�τg)/Bp = 1.5 × 10−9 rad = 0.3 mas. We would like to emphasize that
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590 V. I. Kondratiev et al.

the technique of "phase self referencing"used above provides at least a tenfold better sensitivity
of estimating the scattering diameter than the formal resolving power of our two-element
interferometer.

With the �θτ estimate in hand we can get additional information on the location of the
scattering region (screen). Following the technique used by Desai et al. [9] in their analysis of
the specle hologram of the scattering material along the line of sight to the Vela pulsar, we get

dD

D − d
= 2.64 × 1011

�f (�θτ )2
.

Here, D is the distance to the pulsar (D = 2 kpc), d the distance from the observer to the
scattering screen, and �f the decorrelation bandwidth. We will show below that the radio
spectrum of GPs indicates two scales of diffraction pattern with �fn = 50 ± 10 kHz (narrow
feature), and �fb = 450 ± 10 kHz (broad feature), with both structures having approximately
equal modulation indices (see figure 2, right). It appears reasonable to suggest that the major
part of the detected angular broadening is related to the narrow diffraction pattern, while the
broad features in the spectra cause angular deflections on smaller scales. In this case, the
distance from the pulsar to the screen constitutes 2.5 × 10−3 of D, or about 5 pc (≈3 radii of
the Crab nebula).

Next, we give some explanations on the technique of the measurement of the decorrelation
bandwidth in the spectra of GPs. Since the intrinsic duration of GPs (τGP), after dispersion
removal, is only a few microseconds, the frequency resolution in the radio spectra of GPs is
restricted by the factor 1/τGP ≈ 0.3 − 3 MHz. Prior to dedispersion, the smearing time over a
16-MHz band is equal to 660 μs, giving a frequency resolution of 1.5 kHz but with low SNR.
We chose to remove the dispersion only partly, corresponding to 80% of the DM value. This
procedure leaves time smearing of 128 μs giving a frequency resolution of 7.8 kHz. With this
approach power spectra were computed for all GPs with SNR > 7σ (107 in total). Figure 2
(right) shows two different CCFs: the average CCF between power spectra of GPs recorded
at LCP at Kalyazin and ARO, and the average CCF between power spectra of the same
GPs recorded at Kalyazin at LCP and RCP. The approximation of these average CCFs with
two Gaussians gives values for the decorrelation bandwidths of 50 and 450 kHz. To estimate
the characteristic time scale of scintillations, we computed the average CCF between power
spectra separated in time by a certain time lag. The narrow band feature in the CCF was only
marginally detected at a level of about 2σ , even for the closest GPs with a time separation
less than 1 s.

Most interesting in figure 2 (right) is the absence of any correlation between diffraction
spectra of GP emission in LCP and RCP. In contrast, such correlation was found for B1937 +
21 (see section 4.2). In the presence of a magnetic field, the refractive indices of LCP and
RCP waves are different. In principle, this can lead to different scattering for radio emission
at LCP and RCP. However, the magnetic field strengths in the ISM (10−5–10−6 G) and in
the Crab nebula (10−3 G) are too small to affect the scattering. We believe that the absence
of correlation for the Crab pulsar could be caused in the region near the Crab pulsar where
the low-frequency 33-Hz emission is converted to the pulsar wind. Just outside the light
cylinder, the magnetic field has a considerable tangential component of∼106 G, so the Larmour
frequency, νH, is much larger than our observing frequency, ν, of 2244 MHz and remains
larger up to distances of 30–50 light cylinder radii. The magnetic field does not have an
effect on a linearly polarized wave of which the E-vector is parallel to the external H-vector
(ordinary wave). The refractive index is defined by the usual expression for a cold plasma. A
wave with E-vector, orthogonal to the external H-vector, is an extraordinary wave. If νH 	 ν,
then its refractive index is very close to 1, and the influence of the tangential magnetic field
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Probing cosmic plasma with giant radio pulses 591

compensates almost completely the normal dispersion. The intensity of a circularly polarized
wave has a periodic modulation with frequency. The intensity maxima of LCP coincide with
the intensity minima of RCP and vice versa. This is likely to be the reason why the correlation
between LCP and RCP scintillation fringes in the frequency domain is strongly suppressed
at zero-lag but may rise at non-zero lag (∼1 MHz). At a given frequency, ν, the period only
depends on the column density number of free thermal electrons Ne: Pν ≈ 220Dν2/Ne. Since
Ne ∼ 4 · 1015 cm−3, it corresponds to a dispersion measure of ∼1.3 · 10−3 pc cm−3. This value
is approximately equal to the range of variations of the dispersion measure observed for the
Crab pulsar [10].

4. Measurements of pulse scattering of the PSR B1937 + 21

4.1 Data processing

Data processing was performed both at the Astro Space Center and York University (Toronto,
Canada). Just after the observations, the raw data were split into separate pieces of 109 bytes
and copied from the Mark5 ‘8-pack’ disk modules to external 1-TB disks. Then, these disks
were shipped to the home institutions, and the Mark5 data were decoded and the obtained signal
was corrected for instantaneous bit statistics and amplitude bandpass irregularities and then
coherently dedispersed. After dedispersion, we searched for giant pulses in every topocentric
period with the detection threshold of 17σ in every 16-MHz band. The processing procedure
and the detection criteria are described in detail in [11].

In 5.5 h of pulsar data processed to date, we found 6334 giant pulses stronger than 205 Jy
in the 16-MHz bands. For further processing with the goal of studying GP scattering, the
22 strongest GPs were selected, which reached a peak flux density of > 1.2 kJy in the total
64-MHz band.

4.2 Decorrelation bandwidth and pulse broadening

Even observing at the relatively high frequency of 2100 MHz, the interstellar scattering
of pulsar radio emission is still notable, especially when the signal is recorded with as
high a time resolution as in our case. The scattering time, τsc, at our frequency may
be estimated by extrapolating the scattering time measured at 1650 MHz [12]. Assuming
τsc ∼ ν−4.4 (see section 4.4), we obtain τsc ≈ 40 ns at our frequency or five samples for the
total 64-MHz band. This value corresponds to a characteristic decorrelation bandwidth of
∼4 MHz. First, to make accurate measurements of the decorrelation bandwidth and scat-
tering time, we constructed the average ACFs and CCFs for the power spectra in LCP
and RCP for the 22 selected strong GPs [11]. It should be mentioned that in contrast
to the VLBI observations of GPs from the Crab pulsar (see section 3.2), the correlation
between spectra in LCP and RCP for giant pulses from the B1937 + 21 is significant.
Not only one, but two frequency scales of 3.79 ± 0.04 MHz and 16.5 ± 0.8 MHz were
found [11].

To confirm the estimated scattering time of 40 ns, which is also derived from the measured
decorrelation bandwidth of 3.8 MHz, we can also directly analyse GP shapes and measure
their scattering time. To avoid random noise fluctuations of individual giant pulses, we fold
together 20 GPs from the set we used for the CCF analysis dropping two GPs with relatively
complex shapes that could be intrinsic to the pulses themselves rather than induced by the
scattering in the ISM. This average profile of GPs is shown in figure 3. Fitting an exponential
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592 V. I. Kondratiev et al.

Figure 3. The average profile of 20 strong GPs of B1937 + 21 based on observations with the GBT at 2.1 GHz
(dashed line). Solid line shows the least-square fit to the exponential scattering tail of the profile with an estimated
scattering time τsc = 40 ± 4 ns. The inset plot represents the same GP average profile (points) in a larger time window
and with the Y-axis drawn in logarithmic scale. The short-dashed line represents the fit from the main plot, and the
long-dashed line is a least-square fit to the profile tail in logarithmic scale with a measured broad-scale scattering
time τbroad ≈ 94 ± 5 ns. Both main and inset plots are plotted with the sampling interval of 7.8125 ns.

curve to the profile tail we obtained for the exponent τsc = 40 ± 4 ns, which is the scattering
time we could now assume for our observations at our observing frequency. It is evident that,
when presenting the pulse profile with the flux density axis drawn in a logarithmic scale, the
exponential tail appears as a straight line. This line is clearly seen in the inset plot in figure 3.
The measured slope gave us the broad-scale scattering time of τbroad ≈ 94 ± 5 ns that gave a
corresponding decorrelation bandwidth of 1.7 ± 0.1 MHz.

Thus, analysing the power spectra and the average profile of GPs from B1937 + 21, we
found three different frequency scales of 1.7, 3.8, and 16.5 MHz. It is likely that these scales
correspond to different screens of enhanced interstellar plasma along the line of sight between
the pulsar and Earth (spiral arms and the local screen).

4.3 Super-resolution of giant pulses of the PSR B1937 + 21

As was concluded above, the width of giant pulses is affected by scattering. However, it
turns out that in our particular case, the ISM itself helps to put constraints on the intrinsic
width of GPs. It is obvious that both regular and GPs travel along the same path and probe
the same ISM. Thus, we can use the regular emission to correct the GP emission for the
influence of the ISM from the GP emission. The apparent shape of the GPs is a result of
convolution of the intrinsic GP waveform with the transfer function of the interstellar medium.
We can use the diffraction spectrum obtained for regular emission as the transfer function to
determine the intrinsic width of GPs by calculating the response on the infinitely short δ-pulse
passed through a scattering medium.
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Probing cosmic plasma with giant radio pulses 593

Figure 4. The strongest GP with a peak flux density of 10 kJy in the total 64-MHz band from B1937 + 21 recorded
with the GBT at 2.1 GHz (solid line). The dashed line represents the simulated response from a δ-pulse passed through
the ISM using the diffraction spectrum of regular emission as its transfer function. The observed and simulated pulses
are shown with the sampling interval of 7.8125 ns.

Fortunately, the amplitude and the phase of the transfer function are not independent but
related via the Hilbert transform [13]. It allows us to obtain the waveform of the initially
short but scattered pulse directly from the diffraction spectrum of the regular emission. In
figure 4, the strongest GP is shown together with the simulated response from a δ-pulse. The
comparison between the observed and simulated pulse shows a very good agreement in the
number of peaks, their relative amplitudes, and their positions. Such agreement is a strong
evidence that the intrinsic width of GPs is less than our sampling interval of 8 ns.

This measured upper limit on the width of GPs allows us to put an upper limit on the
size of the GP emitters in case GPs have temporal fluctuations. Then the size, d, of the giant
pulse emitter, is d < cτ , or less than 2 m if relativistic effects can be ignored. Such a short
duration together with the high peak flux density of 10 kJy gives a brightness temperature of
the strongest GP of greater than 1037 K.

4.4 Frequency dependence of scattering time

Having measured the scattering parameters allows us to test the form of the spectrum of in-
homogeneties of the electron density in the ISM.To do so, we also have to use the measurements
of the scattering time (or decorrelation bandwidth) at other frequencies. For B1937 + 21, we
measured the scattering time to be 65 ns at 1650 MHz [12]. Cognard et al. [14] obtained
the scattering time of 25 μs at 430 MHz with observations at Arecibo. Kinkhabwala and
Thorsett [15] placed an upper limit for the scattering time of GPs for 1420 and 2380 MHz
to be 1.1 and 0.4 μs, respectively. Fitting a power-law to these values results in an index of
−4.2 ± 0.3 (see figure 5). This value for the index correponds very well to the Kolmogorov
spectrum of electron density.
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Figure 5. The frequency dependence of the scattering time, τsc, for B1937 + 21 (in μs) and the Crab pulsar (in ms).
The data points are taken from this paper and from [12, 14–16] (for more detail, see text). The solid lines represent
least-squares power-law fits with indices of −4.2 ± 0.3 for B1937+21 and −3.5 ± 0.1 for the Crab pulsar.

For the Crab pulsar we used the values of scattering time obtained during the simultaneous
observations of GPs at the frequencies of 23, 111, and 600 MHz [16] together with the mea-
surement of the scattering time at 2244 MHz from our VLBI observation (see section 3.2).
These values of scattering time are: 3 s at 23 MHz, 15 ms at 111 MHz, 50 μs at 600 MHz, and
0.2 μs at 2244 MHz. These values together with a line representing the best fit are shown in
figure 5. The measured power-law index is equal to −3.5 ± 0.1, which is much lower than
the value of −4.4 for the Kolmogorov spectrum, and even lower than −4 for the Gaussian
spectrum. This lower value for the Crab pulsar may be due to the huge extra scattering in the
surrounding Crab nebula.

5. Conclusions

Different frequency dependences of τsc were found for the millisecond pulsar and for the Crab
pulsar with the exponent of −4.2 and −3.5, respectively. We attribute the difference to the
notable influence of scattering in the Crab nebula. The location of the scattering region was
estimated to be close to the outer edge of the Crab nebula. The estimate is based on an analysis
of the scattering diameter (θsc ≈ 0.3 mas), obtained through VLBI phase self-reference mea-
surements, and the scattering time, determined from the diffraction pattern in radio spectra
of GPs (�f = 50 kHz). A significant difference was found between the diffraction pattern in
radio spectra of GPs from the Crab pulsar emitted in RCP and LCP polarization channels.
The effect is likely caused by the propagation of radio emission through the magnetized plasma
of the Crab nebula. A simulation of the observed scattered waveform of GPs from B1937 + 21
has shown that the majority of GPs from this pulsar are shorter than 8 ns.
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