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MeV states in B!°. The independence of the
spectroscopic factors on T, permits their ex-
traction for the unresolved 1.74- and 5.16-MeV
states in B from the data on the isolated ground
and 3.37-MeV states in Be'?, respectively.

The experimental parentage is given in Table II.
The calculated values are derived, as above,
from the Kurath wave functions.

The present measurements indicate that there
are no large isospin impurities in the heavy-
ion transfer reactions investigated and illus-
trate the utility of these reactions in spectro-
scopic tests of wave functions for light nuclei.
Extensions of this work with higher resolution,
variable-energy heavy-ion beams will be of
considerable interest.
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LOW-ENERGY COSMIC-RAY MODULATION
RELATED TO OBSERVED INTERPLANETARY MAGNETIC FIELD IRREGULARITIES*

G. Gloeckler-and J. R. Jokipii
Enrico Fermi Institute for Nuclear Studies, The University of Chicago, Chicago, Illinois
(Received 13 June 1966)

The diffusion coefficient describing the motion of cosmic-ray particles in the interplan-
etary magnetic field is determined from the power spectrum of magnetic irregularities
observed on space probes, and is found to be proportional to RS (R =particle magnetic
rigidity, B=particle velocity). Near minimum solar activity, only this dependence of the
diffusion coefficient on R and B can account for the observed long-term intensity varia-
tions of cosmic-ray protons and helium nuclei down to 10 MeV per nucleon in energy.
Thus, the motion of cosmic rays in interplanetary space may be quantitatively related to

the observed magnetic field.

Parker® has described the motion of cosmic
rays through interplanetary space in terms
of diffusion through magnetic field irregular-
ities which are carried by the solar wind. Al-
though cosmic-ray observations have shown
that this picture reasonably accounts for the
11-yr modulation of galactic cosmic radiation,®~"
the diffusion coefficient ¥ has remained essen-
tially a free parameter and was not quantita-
tively related to the observed interplanetary
magnetic field. Recently, Jokipii has related
K directly to the Fourier spectrum of the mag-
netic field irregularities,® measurements of
which have now been reported.®° In this Let-
ter we analyze magnetic field and cosmic-ray
proton and helium observations obtained near

solar minimum in the vicinity of the orbit of
Earth. We find that (1) the measured interplan-
etary magnetic field irregularities require «
to be proportional to RS for particles with mag-
netic rigidity R and velocity c8; (2) it is pre-
cisely this dependence of ¥ on R which is re-
quired if Parker’s model is to explain the ob-
served variation of both protons and helium
down to 10 MeV per nucleon kinetic energy.
Measurements of the low-energy proton and
helium fluxes and spectra have been made in
interplanetary space by Fan, Gloeckler, and
Simpson'!s!? on the satellites IMP-I, -II and
-IIT and cover a two-year period near solar
minimum activity (December 1963 -September
1965). Figure 1 shows the helium differential
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FIG. 1. Differential energy spectra for primary
helium during three time intervals near minimum so-
lar activity. These satellite measurements were made
in interplanetary space over continuous time intervals
and do not include periods when solar-associated par-
ticle events are present.

energy spectra for three successive time inter-
vals for which no solar-associated events were
present. In addition to the increase in the hel-
ium flux above ~30 MeV per nucleon, which
was previously reported®'? and which is now
shown to continue into 1965, there is a factor
of ten increase for the flux below ~30 MeV per
nucleon. During this two-year period both the
Climax neutron monitor intensity'® and the count-
ing rate of the Geiger-counter array® on the
IMP satellites were increasing; this indicates
a gradual reduction of the modulation of galac-
tic cosmic rays. In this Letter we assume that
the observed spectrum above ~10 MeV per nu-
cleon is a modulated galactic spectrum.
Parker’s diffusion-convection model for the
11-yr modulation relates ug(T), the cosmic-
ray intensity at Earth at a given kinetic ener-
gy T, to uy(T), the corresponding intensity
in the local interstellar region, through

L v,
g (T)=u (T) exp [—L AL Tdr] , (1)

where Vyy is the wind velocity, k is the diffu-
sion coefficient, 7 is the distance from the
sun, and L is the dimension of the modulating
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region. Equation (1) expresses the basic de-
pendence on wind velocity and diffusion coef-
ficient for a spherically symmetric wind. Re-
cently the complicating effects of adiabatic de-
celeration’ and anisotropic diffusion have been
considered'*™!%; the results suggest that Eq. (1)
still expresses the basic physics involved al-
though the integrand may include additional
factors independent of particle velocity or mag-
netic rigidity. Since the diffusion is highly
anisotropic, the diffusion coefficient for mo-
tion parallel to the average field must be used.
k can be obtained directly from the magnet-
ic field fluctuations observed at a satellite.
Since these fluctuations are due mainly to ir-
regularities carried past the satellite by the
solar wind, time variations give the mean-square
amplitude and wavelength distributions of these
irregularities. The scattering of particles with
cyclotron radius 7, in the average magnetic
field may be shown to be determined by the
power in the fluctuations of the field component
transverse to the wind velocity at frequencies
near® fo=Vy /2mvc. This states that particles
are scattered principally by irregularities with
scale ~¥.. Figure 2 gives as a function of fre-
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FIG. 2. The power spectrum reported by Coleman
(Ref. 9) for By, the component of the interplanetary
magnetic field normal to the sun-probe line and in the
solar equatorial plane. The data were obtained from
Mariner-2 in late 1962. The different symbols refer
to differences in time periods and computational tech-
niques which are not relevant here.
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quency the quiet-time power spectrum reported
by Coleman® for a transverse component of the
magnetic field measured on Mariner-II in late
1962. The average field intensity is taken to
be ~5 ¥ and Vi ~400 km/sec. In the frequen-
cy range of interest (3X10™%to 3X10~% sec™!
corresponding to the 10- to 100-MeV /nucleon
helium and 50-MeV to 3.0-GeV protons consid-
ered in this Letter), the spectrum is well rep-
resented by P(f)~0/f (6~1.4X1071° G?%) with
a tendency to steepen at f25X107% sec™!. Re-
cently, power spectra have been obtained by
Siscoe!® from Mariner-IV magnetometer data
during a typical quiet, two-week period in late
1964. Again the power spectrum of the trans-
verse field is roughly proportional to 1/f at
low frequencies with a transition to a steeper
slope at 2 10—* sec—!. This indicates that for
the present discussion of the long-term vari-
ation P(f) may be taken to be proportional to
1/f in the relevant frequency range. The fact
that the transition to a steeper spectrum occurs
at a lower frequency in 1964 than in 1962 may
be significant for the modulation of very-low-
energy particles and will be discussed below.
For a magnetic-field power spectrum of the
form P(f)=0/f, Jokipii® finds that k|, the dif-
fusion coefficient for motion along the field of
particles having magnetic rigidity R and veloc-
ity cB in the average magnetic field B,, may

be written?’
cB
1~ <3w5>RB (2)

It may be shown® that the diffusion is highly
anisotropic with x||> k, . If we assume that

K| remains proportional to R out to the bound-
ary of the modulating region, the cosmic-ray
intensity at Earth may be written

wp (T)~u  (T) expl-n/RB), ®3)

b

where 7 is independent of R and f. Dorman,?
considering various assumptions on the form
of the scattering by irregularities, has also
suggested that ko< RB; however, his discussion
does not refer to an observed interplanetary
magnetic field.

The observed long-term time variation re-
sults from changes with time in 7. If u, is the
observed flux at time 7,, and u, the correspond-
ing flux at an earlier time ¢, the ratio pu,/u,
is

“2/“1=exP[(n1—n2)/RB]- (4)

In Fig. 3(a) In(u,/u,) is plotted versus RB for
the two indicated time periods. Below 0.35
GV for RB (<90 MeV per nucleon kinetic ener-
gy), values of u, and 4, were obtained direct-
ly from the helium data of Fig. 1. In order to
extend the rigidity range and to demonstrate
that the modulation of protons is also described
by Eq. (4), we have included additional values
for In(u,/p,) using data from two other detec-
tor systems which covered the appropriate time
periods. The points at R3=0.7 GV represent
the variations of the integral proton flux above
50 MeV,%!® and those at RB=3.0 GV represent
changes in the integral proton flux above 3.0
GV deduced from the Climax neutron monitor
intensity.3 19

Each set of data points in Fig. 3(a), in par-
ticular the upper set, is well represented by
a line with slope -1 on the log-log plot. This
indicates that In(u,/u,)<1/RB, which is in ex-
cellent agreement with the dependence predict-
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FIG. 3. (a) Fractional change in the observed flux of
primary particles as a function of the particle velocity
times rigidity (RB) for two different time periods. Da-
ta points below 0.3 GV are taken from Fig. 1. (b) Frac-
tional changes of protons and helium at the same veloc-
ity or energy per nucleon in the energy range 50-90
MeV per nucleon, over the same time periods. Point

1” is from IMP-II measurements and point “2” is the
average of the variations in 1965, shown by solid tri-
angles, as measured on IMP-IIIL
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ed by the observed magnetic field. Other forms
for In(u,/u,), such as 1/R or 1/B, are clear-
ly ruled out over the energy range covered by
the measurements.

We point out that the lower set of points, ob-
tained in 1964-1965, tend to fall below the curve
1/RB at low energies. This may be related
to the observed steepening of the magnetic field
power spectrum obtained in late 1964 at fre-
quencies 210—*/sec, corresponding to R8<0.3
GV for helium. More extensive measurements
of the magnetic-field power spectra are nec-
essary before a quantitative discussion of this
point is possible. However, the steepening
of the magnetic power spectrum would be ex-
pected to produce such an effect.? The fact
that this divergence from 1/Rp is not present
in the earlier data, shown as the upper set of
points in Fig. 3(a), is reasonable since the steep-
ening of the power spectrum occurred at a high-
er frequency in late 1962 than in 1964. Thus
aﬁly particles with rigidities below those con-
sidered here would have been affected. It should
also be noted in this regard that divergence
from 1/RB must occur at low energies because
otherwise t}medicted modulation of low-en-
ergy particles would be much too large.

As an independent check on the predicted
charge-to-mass ratio dependence, we examine
the relative modulation of protons and helium
at the same velocity. Since R=(A/Z)By, itis
expected from Eq. (4) that for a given veloci-
ty or energy per nucleon In(ug/u1)p = 21n(ug/
t1)ge- Figure 3(b) shows the relative modu-
lation of protons and helium in the energy range
50-90 MeV per nucleon. To reduce the influ-
ence of systematic errors, we have used on-
ly data from the same instrument on the same
satellite to obtain a given data point. For ex-
ample, point “1” in Fig. 3(b) represents the
relative changes from October-November 1964
to December 1964-January 1965 as measured
on the IMP-II satellite, while point “2” is the
average of the relative changes recorded on
the IMP-III satellite. A line having slope 1.8
+0.2 is a reasonable fit to these data; this in-
dicates that protons are modulated about twice
as much as helium, as predicted.

The observations which are discussed in this
Letter extend the analysis down to energies
~10 MeV per nucleon, where the distinction
between the dependence of modulation on 1/R,
1/RB, and 1/B can be clearly made. These
satellite observations are more appropriate
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than balloon measurements for a study of the
11-yr variation since they are continuous and
insensitive to short-term fluctuations. Silber-
berg” has analyzed the modulation of protons
and helium nuclei above 200 MeV per nucleon
using results obtained by several investigators.
He concludes that a modulation function of the
form exp| -n(¢)/RB] is consistent with the data
obtained in 1963 and 1964. Nagashima, Dug-
gal, and Pomerantz?® and Dorman and Dorman?
reach similar conclusions. Webber?? has al-
so reported an analysis of time variations for
protons and helium with energies >100 MeV
per nucleon using data which he obtained in
1963-1965. He also finds that protons are mod-
ulated twice as much as helium at a given ve-
locity. Although he claims that exp|-n(t)Z /AB]
fits his observations, a careful examination
shows that his Fig. 1 is in error and in fact
expl -n(t)/RB] is a better fit,2® in agreement
with our conclusions.

We conclude that the cosmic-ray observations
show very good agreement with the change in
modulation predicted on the basis of reported
magnetic-field power spectra. Although the
magnetic field data are still fragmentary, and
only determine k near the orbit of Earth, the
above considerations verify that modulation
is due to magnetic irregularities carried with
the solar wind and that particle motion may
be quantitatively related to magnetic field ob-
servations. Since presently available obser-
vations near Earth do not permit a determin-
ation of the magnitude of the modulation, but
only the dependence of the change in modula-
tion on particle velocity and magnetic rigidity,
a determination of radial dependence of cosmic-
ray intensity would provide a further test of
this model.

We are grateful to Professor J. A. Simpson
and Dr. C. Y. Fan for their assistance in ob-
taining the IMP data. Dr. G. L. Siscoe kindly
provided a sample of the Mariner-IV interplan-
etary magnetic field power spectra.
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No. NASA NsG 179-61 and by the Air Force Office of
Scientific Research under Grant No. AF 49 (638) 1642.
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HYDROMAGNETIC WAVES IN THE INTERPLANETARY PLASMA

Paul J. Coleman, Jr.
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This note is a preliminary report concern-
ing a comparison of simultaneous measurements
of the plasma velocity and the magnetic field
in interplanetary space. The measurements
were obtained with the positive-ion spectrom-
eter, incorporating a cylindrical electrostatic
analyzer, and the fluxgate magnetometer on
board the spacecraft Mariner-II, during the
period 29 August through 15 November 1962,
while the spacecraft was in transit between
the earth and Venus. Our purposes here are,
first, to describe the properties of the simul-
taneous variations in the magnetic field, ﬁ,
and the plasma velocity, |V |, and second, to
show that these properties are among those
expected if the variations were produced by
hydromagnetic waves.

It will be convenient to employ heliocentric,
spherical polar coordinates with the polar axis
coincident with the sun’s axis of rotation, de-
noted by ﬁs. Thus, at a point (», 8, @) the pos-
itive » direction is radially outward from the
sun to the point, the ¢ direction is the direc-
tion of ﬁsxf', and the 6 direction completes
the usual right-handed system. In this system,
the variables measured by the magnetometer
are B,, By, and Bcp’ and the variable measured
by the plasma probe is V=V,.

As the first step in a statistical analysis of
the data, amplitude distributions of these var-
iables were examined. It was found that the
distributions were roughly Gaussian. Next,
using the usual methods applicable to time ser-
ies that exhibit Gaussian amplitude distributions,
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