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UPPER CUTOFF IN THE SPECTRUM OF HIGH ENERGY SOLAR PARTICLES
DURING CYCLES 16-20

Heristchi Dj., Perez-Peraza J.*,
Observatoire de Meudon, 92190 MEUDCN (France).

The upper cutoffs, R 's, of most of the solar
proton events recorded by the worldwide neiwork
of Neutron Monitors during cycles 19-2C is de-
termined. It is found that Rm varies irom an
event to another and that its values la. between
2 GV and 20 GY. It ie shown that there :s no cor-
relation between the amplitude of the evenis and
R . The equation which describes the continusus
atceleration of the particles is solved for the
non-stationery case. The soluticn shows the exis-
ternce of a cutoff in the specirum. The experi-
mental results are discussed by comparing them

to parameters liable to represent the acceleration
time.

T Introduction. The existence of an upper cutoff in the solar proton spec-

trum has been suggested by Heristchi and Trottet (1971). By upper cutoff it is
meant an energy or rigidity level beyond which there are no accelerated par-
ticles. The authors have shown that the best agrezement with the observations,
in the low, as well as ir the high energy ranges, is obtained with a differen-
tial spectrum represented by a power law with an upper cutoff. They have also
demonstrated that this upper cutoff remains constant during ims whole proton
event. Recently, Heristchi and Trottet (1975) found that a power law with an
upper cutoff agrees wiin the direct measuremeni of the spectrum performed on
satellite by Vernov et al. (1973).

In this paper the upper cutcff of the proton events recorded at ground
level (6 L £) during the solar cycles n® 19 and n® 20 is determined from the
records of the worldwide network of Neutron Monitors. Such a cutoff provides us
with a directly measurable parameter of the accelerating source for it is almeost
unaffected by the propagation of particles in the interplanetary medium. The
results obtained are discussed in relation to the equations which describe the
acceleration of the particles.

2 Experimental results. The upper cutoff is determined from two methods
which have been described in details by Heristchi and Trottet (197') and
Heristchi et al (1972). The proton differential spectrum as a function of ener-
gy or rigidity is respectively represented by E™Y with an upper cutoff Ej or by

=4 .
R~ with an upper cutoff Rm. In the first method E and Y or R and { are
m m
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Fig. 1. (a) Recordings by a typical station Fig. 2. Percent increase in
(b) exponent of the differential energy the sea kevek NM's compared
spectrum. The solid curve is theoretical. with different theoretical
{c) upper cutoff in the differential energy curves.
spectrum. (d), (e) same as (b) and (c) for

rigidity.

determined by using the increases of the whole of the cea level Neutron Moniior

In the second method, R and @ are determined by using the ratios of two pairs
of Neutron Monitors Stations.

The methods have been applied to fifteen GLE's occuring during cycles n® 19
and 20. For each event a good concordance is found between the values of Y or W
we obtained and that deduced from balloon or satellite measurements of the spec-
trum in the energy range 100 to 500 MeV. Figure ! gives an example of the results
obtained for E , ¥, R and § in the case of novemher 15, 1960 event. It is shown
that the obserﬂed temporal variations of Y or p, agrees with ihese expected
from Krimigis's diffusion model (1965). Moreover, within the errors ETn and Rm

remain constant in time. This constancy of E or R has been observed for other
m m

events. 5o this means that, at rigidities of a few GV, no fmpnrtant deceleration
is cbserved for particles during their propagation in the interplanetary space.

Figure 2 shows that the spectrum we have determined agrees well with the expe-
rimental points.

Table 1 presents the whole o7 our results. The second coclumn indicates,
for each event, the maximum ampliiude registred at sea level (from Shea and
Smart, 1973). The examination of the table shows that R and £ vary from one

m m
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event toc another. Moreover Hm does not always vary in the seme way as the ampli-
tude of the event. As the observed
amplitude depends upon the locstion of

Tabkle 1.

flare on ihe solst surface, it 4s emy | e [i::,hz;“[ £ cgev) | K 1
possible to illustrate this by compa-— Y ST I
ring events issued from flare having February 23, 1986 | 4334 = 1 20 1M
similar locations, as in the two folilo- Hay e I 7':’ ::
wing examples. For instance ihe Ry’ s :::ZT:?::: ‘;J :: ;?: f}
of November 15, 1960 event and the Novemb: = utnw W s a fansmat 40 = 08
January 2&, 19?1 eyeEnt are J.‘ljughly Kovenber 20, 1960 B % 4 3.5 = 1.0
the same but the amplitude ef the Juiy 18, 1961 ] 233 o2 L 1F & W8
first s several times that of the se- j“’ ;':: ;‘ c ja oa ?:i ::

anuar L ames . 5205} 5 :
cond. The positions of tre correspon- R e R
ding fl_ares on the Sun are respecti- v Besgun] aw v e
vely 32““ and 50°W which encourages March 30, 1969 8.6 &+ 0.2] 3.5 0.% 4.5 & 0.7
slightly the increase of the second Gaasarg gAgaeTas|  me sac d ] BRC0-ET o000
event (Burlaga, 1967). Similar remarks s, AARIRY M TR D FF O L (B0 g
can be made by comparing November 12, sy Zgmeny R &9 e
1960 B!'Id Januar.‘f 28! 1967 Euents. = after correction of geomagnetic cutoffs

| |

3. Theoretical evidences for the existence of gn uoper cutoff. 1In ih_.z section

we will theoreiically show the existence of an upper cutcff in the solar proton
spectrum. A review of the differsnt processes of acceleration is beyond the sceope
=f this paper. Neverthelsss in most of the cases, the balance of the rumber of
particles N of one kind Setweer the time % and t + dt, in the energy cr rigidity
range E and E + dE per unit of energy or rigidity, is describe< by the following
equation (Ginzburg and Syrocvatskii, 1964, p. 296).

ON(E, ) ) : N(E, t) _ .
7y = [NGE, ¢) o (E, t)]+—T‘('E:—t]_ = q(E, t) (1)

o is the energy gain per unit of time and T the characteristic time of confine-
ment of the particles in the medium. These two parameters will be taker indepen-
dent of time. q(E, t) is a source function which is zero when t is negative. The
diffusion of the particles through the medium is neglected.

The general solution of this equation can be easily cbtained by
taking the Laplace's transform of (1) and by solving the obtained equation with
the following conditiens : the initial spectrum of the particles N(E, C) is taken
to be zero and the origin of time is choosen at the beginning of the gcceleration
The inverse Laplace's iransforrm of the obtained solution gives :

E E
_.1_ Yo _._......._d_E.|_ "
N(E, ) = =05 / dE" exp| - { e T ] qte", t-1) (2)

with

E
—_ I dE'!
En II{E‘)
Exoression (2) may be examined with respect to the vaiuves of £t - T. In order to
simplif. the discussion lst g be constant in time and covering a limited enexrgy
range from ED1 to E:,2 Iet Em1 btz the value of E up to whicn t - T is positive for
anv value of E" and Emp be the energy beyond which t = T is negative fcr
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oy value of E%. Then equation (2) incdicates the existences of threes rsgions

-~ when £ is smallexr than EmT’ N{E, t) is indepengent of time and the irntecgral is
taken cver the whole energy range covered by the scource - Tne solution
iz +the same as that obtained in tre stationary case. The region E <2En.1 will
be cailed region 1.

— when £ is between Em, and Em_, t — 7 has positive and negative values depen-
ding upon the value of E". Here the .pectrum is a function of time. The inte-
cral must be taken for the positive values of © - T €. G. from an energy £ de-

= dE"'
fined by t - Ie ;TETT - 0. This non statiorary sclution describes region 2s
Of course Em, and Em, increase with time.
- when E is greater than Em,, N(E, t) = D because g = O for t+ < 0. 1t is region 3
The existence of regien 2 remains it Ew? becomes infinite but there is
no region 3. Moreover region 2 is still present if q varies with t but the re-
gion 1 of the spectrum is not stationary.
In order to give some examples of the obtained spectrum, we have ap-
plied equation (2) to simple cases by taking T(E) = T and simple forms fer w and
5. For q we have considered two forms

n

S,) g(E) =0 for E_ ,<ESE
1

01 and q(E) =0 for E<E_, and E SR

02 1] 02

5.} qiE)

= = a
> Q EXP(E/Eth] for E ﬁ:Eﬂ1 and glE) 0 for E 501

With « = a = constant, in region 1 the spectrum is an exponential iaw. For 51 the
limits of region 2 are : E , =E + at and E = E + at. Trte width of rsgion
2 is then ithe same as this M of 5. For E>E ,, the number of particles Grops
then rapidly to zero if 5, is not too wide. ™ In the case of the source S,, E
has the came value as in 1he case of the souvrce 51, but E 5 and conseqguently
the width of region 2 become infipite. However, if Eyp is" smalil compared to 5?1,
2 sharp cutoff is still present and, for the same choice of the other parameiers,
the shape of regiocn 2 is guite the same as in the case d 51.

ml

With o« = bE(b = constant), in region 1, the spectrum - s the form of a power law
the index of which is vy = 1/bT + 1.

L= - = 3 3 T =
For S, we have B @ Eo exp(bT) and EmZ = Eqgy exp(bT). This indicates that re-

gion 2 may be wide. Nevertheless the spectrum clearly differs from the power law

of region 1, and this, more rapidly than for S7 in the low energy part of region 2
Finally we consider « = a for E < E; and o« = bE for E > E4 {ther =z =

bE1). For E > E, the spectrum has the form of a power law in region | and the li-

mits of region % are

— '—.' = Y - - e Lt . Fod e
£, =€, exp [b(t -(E Eqy)/a)) and £, =, exp (bt —(E -E,)/m) ). if £, is

large compared to Egp we obtain l:',"='Em.l HE 4 EE1/e] expibt). In these conditic-:,
i me T

reqgion 2 is very narrow and consequently the upper cutoff is very sharp. Simila:

results are obtained with 55. indeed, though the width of region is infinite the

number of particles tends rapidiy towards zero when E is greater than € | if Ei is

large compares to Eth' ’
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1f the acceleration oCCurs in twa stegs, itbe specirum ontzinea at the
end of the first step must be accelerated again. Thsn ssuation (1) musi be red
without source function (g = 0) and with N(E, O) reprezenting the disponible spsc-
+rum. In these conditions the sglution is : '?
" £ ] JE ' E
N o= ——— [ dEm NIEM, B) exp (- — ! cE'/m) &= oEV/m) (3)
UI\E} © ! Eu gEn

& is the Dirac's function. We cbtain for instance :

with « = a, N(E, t) = N(E - a t, 0) exp -

) . -bt 1 ;
and with @ = BE, N(E, t} = N{Ee™ ~, 0) exp Lot & # b))

These results show that for o = & region 2 has the same width as o
the case of a single acceleration step but thai tris widith grows when o = bE.
Nevertheless the existence of the upper cutoff remains.

4. TDiscussion of the acceleration time. The experimental values obtained for &,
or R, have to b= examined in connection with the results o the preceding theore-

tical study.

The simpiest hypothesis to examine consists io assums that all the os-
rameters concerning the accelerative medium, and particularly o, remain ihe sanme
for all the svents. Thus, £ or R is only a growing function of the durstion
t _ of the acceleration. In"+hese conditions, the krowiedge of t  is sufficient
+85determine x and other pzrameters. Several authors (i.e. Elliscn et al. 1361)
propose that the acceleration of the particles occurs during the flash phase of
the Ha flare. We do not find any clear relation between Ry and the duration At
of this phase. Indeed, in the case of the February 23, 1956 and the July 18,
1961 events, the upper cutoff's of which are respectively 20 GV and 3.3 GY, we
obtain respectively 6t = 8 mn.and &t = 18 mn. In the same way, t__ can be deri-
ved from the time profiles of the impulsive tard X rays bursis (i.e. Svestka,
1970) or from impulsive micorwave bursts which have equivalent time profiles
(:.e. Kundu, 1961). Here again we do not find any correlation between R and At.
indeed the time profiles of the microwave bursts at 940G MHz are quite similar,
with different smplitudes, in the case of the February 23, 1956 and January 24,
1971 events the upper cutoff's of which are respectively 20 GV and 4 GV. Recen-
tly Svestka and Fritzova-Svestkova (1974) remarked that the acceleration ¥
high energy particles is closely connected with the occurence of Type 11 bursts
which according to them indicates an acceleration by shock waves. As we find
that [ remains constant during several hours, tihe shock front must accelerate
particles aloig a short travel. Conseguently, the experimental determination of

tac is not yei sasy in this case.

The above discussior shows that either the advanced hypothesis is not
valid, either the =xamined parameters do not show the duration of the accelera-
tion, or the acceleration itself do not occur in a continuous way.

Mow we examine the case of a varying from an event to another. In this
case we have no criterions to determine t from ihe observations. indeecd,
pven in the simple case & = bE, ( the nthgg parameiers being fixed) for which
te choice of © is sufficient to calculate « for sach event, it is impossible
o justify neitBEr the values of o nor the choice of t

Firally the acceleratiocn may nact be destrihe%cby an eguation of conti-
quity type =s (1). An example of this can be found in ihke rodel proposed by
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Cerlgvist {1969). According to this model Em shows ihe =ffective poteniial which
accelerates the particles to high energies.
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