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The Shape of the Cosmic Ray Modulation Region
of the April 30, 1976, Event, as Deduced From HELIOS-1,
HELIOS-2, IMP-8, and Neutron Monitor Data

A. Geranios

Max-Planck-Institut fiir Extraterrestrische Physik, D-8046 Garching bei Miinchen, Federal Republic
of Germany

Abstract. During STIP (Study of Travelling Interplanetary Phenomena) II
period, several disturbances of the cosmic ray flux have occured due to
the enhanced activity of the sun, although this period (March-May 1976)
was at the end of the past solar cycle. One of the most prominent ‘events’
was caused by the 2 B solar flare on 30 April (121st day of the year), at
20:47 UT, with coordinates S8 W46 in Mc-Math region 14179. This event
has been ‘seen’ as a tangential discontinuity by both HELIOS spacecraft
and as a shock wave by IMP-8. Neutron monitors recorded an increase
of the counting rate on the ground level, and two days later, the onset
of a Forbush decrease.

In this paper, we estimate the extension of the modulation region of
cosmic rays in the ecliptic plane by correlating the observations which are
related to the above mentioned solar flare.

We conclude that in the ecliptic plane the shock characteristics of this
event are found only in the neighbourhood of the heliographic longitude
of the causitive solar flare, i.e., of an extension 45° and 120°. The tangential
discontinuity observed by HELIOS-2 and then by HELIOS-1 was of a corota-
tive nature. The feature of the tangential discontinuity and the Forbush
decrease suggest a corotation of the above modulation region.

Key words: Cosmic rays — Solar wind protons.

A Brief Description of the Event

On April 30, 1976, at 20:48 UT, day of the year 121 (shortly DOY 121), a
2B solar flare (S.FL.) occurred at S8 W46 in Mc-Math region 14179 (Dodson
and Hedeman, 1977). Two days later, HELIOS-1 and -2 were radially lined
up about 120° west of the flare site at radial distances of 0.67 (H-1) and 0.43
(H-2) astronomical units, respectively from the sun (Fig. 1). About 20 minutes
after the occurence of the flare, a Ground Level Event (GLE) was detected
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at the earth by neutron monitors (NM) with a cut-off rigidity below 3 GV
(Duggal and Pomerantz, 1977), (Fig. 3). Later, during the same day, the electron,
proton, and a-particle channels of IMP-8 detected. abrupt increases (Armstrong
et al., 1977). HELIOS-2 (DOY 121) and -1 (DOY 123) detected electron- and
proton- but not a-particle intensity enhancements (Kunow et al., 1977). A tan-
gential discontinuity (TD) passed HELIOS-2 and -1, 17 and 46 h respectively
after the onset of the solar flare (Schwenn et al., 1977). A Storm Sudden Com-
mencement (SSC, DOY 123, 18:29 UT), marked the passage of a shock front
at the earth. This shock was also detected by IMP-8, and the commencement
of a typical Forbush decrease (FD) was observed by ground NM’s, (Fig. 3).
A series of other correlated observations (For example type Il and IV radio
bursts, X-ray enhancements) are described elsewhere (Shea, 1977).
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The Ground Level Event

GLE’s are generally rare, especially during a minimum of solar activity. Such
an event occured at the end of the past solar cycle on April 30, 1976, DOY 121,
- at about 21:00 UT, only about 20 min after the onset of the above mentioned
flare. The enhancement of the energetic proton fluxes ejected from the solar
flare was detected by low cut-off rigidity NM stations, for example Deep River
(Fig. 3), Calgary and Sulphur Mountain showed relative increases of 3%, 5%,
and 7% respectively (SGD, 1976). The maximum energy of the accelerated
protons in this flare was 2 or even 3 GeV (Duggal and Pomerantz, 1977).

The longitudinal site of the solar flare (46°) was favorable for such a short
delay time, which suggests that the particle flux was directed along the interplane-
tary magnetic field (IMF) lines and very little scattering occured.

According to Chirkov et al., 1977, the integral energy spectrum of the cosmic
rays of this event discussed here, was:

A(E>1.3 GeV)~ E exp(—2.6)

for energies £>1.3 GeV.

A similar event which orginated also from a S.FL. in the western hemisphere
occured during a complex event in August 1972, where the 3B S.FL. (August 7,
37° W) caused the Ground level Event with a time-delay of 30 min and a cosmic
ray increase of 8% (Mihalov et al., 1973; Agrawal et al., 1974; Pomerantz
and Duggal, 1974; Tanskanen et al., 1973).

Observations of Particles in the Energy Range Between 2 and 37,
and Greater Than 51 MeV /Nucleon

All three spacecraft measured an enhancement of energetic particles. HELIOS-2
and HELIOS-1 (shortly, H2 and HI1) observed proton flux increases on
April 30 (DOY 121) and on May 2 (DOY 123) respectively in the energy channels:

4-13 MeV
13-27 MeV
27-37 MeV of H1, and

4-13 MeV
27-37 MeV
>51 MeV of H2 (Kunow et al., 1977).

At the end of the first of May (DOY 122), IMP-8 detected abrupt increases
in the proton energy channel 2-4.6 MeV, in addition, it recorded flux enhance-
ments of a-particles of energy 1.8-4.2 MeV/nucl. later during the same day.

A main difference between the HELIOS and the IMP-8 observations was
the lack at both HELIOS of any a-particle flux enhancement. These flux increases
normally are regarded as a signature of a flare shock wave. Typical differences
between the observations of H1 and H2 are:
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1. The proton flux increase in the energy channel £>51 MeV was clearly
detected only by H2 (Kunow et al., 1977), and

2. the rise time of the proton flux increase observed by H2 compared with
that of H1 was shorter by about a factor of 3, (Fig. 4a and b).

The difference between the intensity profiles during the increase phase
detected by H2 and HI may be due to the different distances of H2 and
H1 from the sun. ,

A step-like proton intensity enhancement can be recognized as a superposi-
tion on the intensity profile during the increase phase at both H1 and H2.
This step-like increase coincides with that of the solar wind velocity observed
also by H1 and H2 (Fig. 4a and b).

The Tangential Discontinuity

After the occurence of the 2B S.FL. a tangential discontinuity (TD) was observed
by H2 and H1 on May 1 (DOY 122) at 14:00 UT and on May 2 (DOY 123)
at 19:30 UT, respectively. Apparently, the solar wind parameters are not shock
characteristics, as will be explained further (Fig. 4a and b). The shape of the
discontinuity is observed to be quite similar on both HELIOS spacecraft, which
were about 0.25 AU distant from each other on a radial line (Schwenn et al.,
1977).

According to Burlaga’s classification (1968), this TD is of type T3.

For a check, the total pressures (P) just before and after the TD are calculated
using preliminary solar wind data (Schwenn, 1977a; Neubauer, 1977).

Py =N, k(T,(e)+ T1(p)]+{Bt)/8n
P, =N, k[Ty(e)+ T(p)]+{B5>/8n

N, k, T(e), T(p), (B) are the number density, the Boltzmann constant, the
electron temperature, the proton temperature and the magnitude of the IMF
respectively.

Parameters before the TD are marked with index 1, and after the TD with
index 2. At the moment, no electron temperature data from H1 and H2 are
available, therefore, we assume the following relation between the electron and
proton temperatures:

T(e)=1.2 T(p) (Burlaga, 1969a)

and we find

for HI1 P,=092 P, and
for H2 P1=13 Pz.

These pressures may be considered as equal within the errors of measurements,
if we take under consideration that for usual shocks the total pressure in the
shocked plasma is an order of magnitude higher than in the unshocked plasma.
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Fig. 5. The calculated angles ; and ¥, of
the orientation of the tangential
discontinuity detected by HELIOS-1
HELIOS-2
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Fig. 6. A possible representation of
the corotating structure, the region
indicated by questionmarks is not
covered by spacecraft that time. The
two circumference lines represent
the possible spatial structures on
day 122 and day 123. The region
between the shock front and the
tangential discontinuity is the
compressed solar wind. The thin
dashed line indicates the possible
large-scale closed magnetic structure

In order to calculate the orientation of the TD surface, we apply the method
of Siscoe et al. (1969). Using the solar wind velocity data and assuming no
mass flux across the discontinuity, we calculate the angle of the intersection
between the surface of the TD with the ecliptic and the sun-HELIOS line

(Fig. 5) for both H1 and H2 with the equation:

tan l//=A VT/A VR

AV, AVy, are the variations of the transvers and radial solar wind velocities

across the TD respectively. For H1 we obtain:
Y1=(20£7)°

and for H2
v, =(34+10)°



Shape of the Cosmic Ray Modulation Region 179

According to Siscoe et al., 1968; Burlaga and Ness, 1969a; Burlaga, 1969b;
the line formed by the intersection of a TD and the ecliptic plane lies along
the spiral field direction.

Before the TD was detected by H2 the IMF changed direction from TO-
WARD to AWAY from the sun, (Fig. 6). This new sector lasted about 5 days.
The time-delay of the sector boundary between the passages at H2 and HI
was about one and half days (Neubauer, 1977), and during this time the earth
was in an IMF sector directed TOWARD the sun (SGD, 1976).

The Interplanetary Shock

While no shock indication was found by H1 and H2, IMP-8 observed on
May 2 the passage of a shock front simultanously with an SSC, identified
by ground based magnetometers, (Fig. 3), (Bame, 1977; SGD, 1976).

Assuming a radial direction of the shock normal, we calculate the shock
velocity from the equation of mass conservation:

Ni(Vi=U)=Ny(V,—-U)

N, V, being the number density, the solar wind velocity, and U the shock
front velocity. Indices 1 and 2 indicate the parameters immediately before and
after the shock respectively. With:

N,=8cm 3
N,=20cm™?
V=600 kms™!
V,=680kms™!

we obtain for U:
U=730km s~ 1.

This figure compares well to the mean shock velocity U, =900 km s~ ' (Fig. 2),
as calculated from the time difference between the onset of the flare and shock
arrival at the earth, since the shock must be expected to have slowed-down
at 1 AU, compared to its propagation velocity closer to the sun. (Dryer, 1974).

The Forbush Decrease

Simultaneously, (within measurement accuracy) with the passage of the shock
front the onset of a FD occured at 18:30 UT on May 2, about two days after
the Ground Level Event.

The solar flare related 10 cm radio wave emission, which generally accom-
pagnies a FD producing solar flares, was of type Il and IV (Dodson and Hede-
man, 1977).
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Discussion

Trying to understand the described event, its following characteristics are to
be taken into account:

1. the absence of any shock at HELIOS-1 and -2,

2. the relatively long time (29.5 h) spent by the tangential discontinuity to
propagate from H2 to Hl,

3. the occurence of a shock at the earth about the same time which the
tangential discontinuity reached HI,

4. the abrupt decrease and the short recovery time of the high-energy cosmic
ray particle fluxes, and

5. the orientation of the tangential discontinuity surface.

The abrupt increase of the solar wind velocity and the proton temperature
but the decrease of the proton number density detected at H2 and H1 (123:14:00,
123:19:30, respectively, Fig. 4a and b) as well as the lack of any a-particle
flux enhancement (due to the piston gas emitted by the solar flare) suggest that
at least in the line-up region, shock- or flare material are not found. On the
other hand, the abrupt increase of the solar wind velocity, the proton number
density, the temperature and the a-particle flux (Armstrong et al., 1977), detected
at IMP-8 (123:18:29), as well as the storm sudden commencement detected
at ground level (SGD, 1976) support the existence of a shock front and a
piston gas at the earth.

According to the spatial separation among IMP-8, HELIOS-1 and HELIOS-
2, and the solar flare, it is suggested that the longitudinal extension of this
perturbation region was at least 160° wide. Usually, such extension is about
130° wide, (Iucci et al., 1977).

If the shock with such a large width does not extend to the longitudes
at HELIOS-1 and HELIOS-2, it should probably be observed close to the
heliographic longitude of the flare, rather than far away. In the described event,
the position of the earth relative to the flare was much nearer than of HI1
and H2, and therefore, the shock has been detected at the earth but not at
H1 and H2 region.

Assuming the time at the onset of the flare as zero, we give in Fig. 2 the
mean propagation velocity of the tangential discontinuity between H1 and H2.

Surprisingly, the calculated angles ; and y, are in disagreement with the
rule, according to which the Parker angle increases with increasing radial dis-
tance. This fact leads to the conclusion that between HELIOS-1 and HELIOS-2
the interplanetary magnetic field has an unusual shape. Ness (1966) reported
a directional discontinuity observed also by two spacecraft, Pioneer-6 and IMP-3,
and showed that the observed transit time from Pioneer-6 to IMP-3 was about
the time required for an Archimedean spiral line corresponding to a solar
wind velocity of 410 km s~ ! to corotate from Pioneer-6 to IMP-3.

According to the feature of flare-produced interplanetary shock wave, pro-
posed by Hundhausen (1972, p. 192), the region of the compressed ambient
solar wind behind the shock is 0.1 to 0.2 AU thick. The following tangential
discontinuity that is expected to separate the compressed ambient plasma from
the flare ejecta is sometimes followed by a thin shell (0.01 to 0.1 AU thick)
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of helium-rich material. The same feature we find also here (Fig. 6), where
after the shock a helium-rich material is detected by IMP-8 (Armstrong et al.,
1977). For the expected tangential discontinuity, which separates the compressed
ambient plasma from the helium-rich shell, it is yet not clear if it was detected
at IMP-8.

In order to estimate the thickness (D) of the compressed plasma, we consider
the onset of the shock (123:17:05), the peak of the wa-particle flux observed
at IMP-8 (123:24), and the mean solar wind velocity, (700 km/s). Under the
assumption that the peak, superimposed on the main increase, is really due
to the helium-rich material (Armstrong et al., 1977) we obtain:

D=0.1AU.

The abrupt decrease of the high-energy cosmic ray particles of about 5% only,
and especially the short recovery time (Fig. 3), suggest that the earth was engulfed
by the so called ‘trailing’ edge of a corotative-like modulation region (Iucci
etal., 1977). A longer recovery period should be expected if the modulation
region would expand only radially. The other edge, called ‘leading’ edge, consid-
ered as the boundary of the modulation, is considered also as corotative, bacause
of the relatively long time spent by its passage from HELIOS-2 to HELIOS-1.
After the shock, a very low proton temperature region (Gosling et al., 1973;
Montgomery et al., 1974; Geranios, 1978) appeared, lasting for about 5 h, and
coinciding with the observed Forbush Decrease (Fig. 3). Whether or not, this
low temperature region suggests a closed magnetic loop, still remains an open
question. For this answer, simultaneous electron temperature and interplanetary
magnetic field data are necessary.

During the described event, there were unfortunately no other spacecraft
between the lined-up HELIOS-1 and HELIOS-2, and the earth’s heliographic
longitude, which could complete the observations between 0° and 160°, (Venera-9
and -10 were fairly close to HELIOS-1 and HELIOS-2, Pioneers were in the
eastern part of the ecliptic (Hilberg et al., 1977).

Conclusion

All detected enhanced interplanetary parameters obtained from data measured
at HELIOS-1, HELIOS-2, IMP-8, and ground level, had a common origin:
the 2B solar flare on April 30, 1976. Correlating the data measured at a separa-
tion in heliographic longitude at 160° we arrive to the following conclusions:

1. For unusually large modulation regions, the shock characteristics are not
extended in the whole region, but only in heliographic longitudes close to the
causitive flare. In this described event the shock characteristics were to be
seen in a longitude more than 45° and less than 120° relative to the flare
site.

2. The tangential discontinuity observed a HELIOS-1 and HELIOS-2, and
the Forbush Decrease observed at the earth were of a corotative type.

3. During the corotation, the Archimedean spiral changed its angle in an
unexpected way on the way between HELIOS-2 and HELIOS-1. This fact could
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signify the detection of the upper part of a ‘Wurst-like’ magnetically closed
region, (dashed line, Fig. 6).

4. If the modulation region is controlled by the tangential discontinuity,
‘leading edge’ and the Forbush Decrease, ‘trailing edge’ then, the whole region
can be expected to corotate with the sun, (Fig. 6).
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