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Figure 1. Victor Hess

aboard his  balloon in 1912.

C o sm ic ra y s a re e n e rg e tic p a rtic le s th a t z o o m

th ro u g h sp a c e a n d o c c a sio n a lly e n te r o u r a tm o -

sp h e re . T h e y a re b e lie v e d to b e p ro d u c e d b y

v io le n t a stro n o m ic a l e v e n ts in a n d o u tsid e o u r

G a la x y . S tu d y o f th e se p a rtic le s p ro v id e s a g lim -

p se in to th e fa sc in a tin g w o rld o f h ig h e n e rg y p h y s-

ic s.

W e a re b ein g con sta n tly b om b ard ed on E a rth b y h ig h ly

en erg etic p articles co m in g fro m sp ace. T h ey a re collec-
tiv ely called c̀o sm ic ray s'. T h ey con stitu te a la rge frac-
tio n o f th e total ra d ia tio n ex p o su re o f h u m an b ein g s on
earth . A s a m atter o f fa ct, h ad it n o t b een for th e p ro -
tective layers of ou r atm osp h ere, cosm ic ray s w ou ld h ave

p o sed a con sid erab le h azard for u s (a n d so m eth in g th at
fu tu re sp a ce trav ellers m ay w ell h av e to w orry a b o u t).

C o sm ic ray s w ere id en tī ed a s p articles co m in g from
ou ter sp ace so o n a fter th e d iscovery of rad ioa ctiv ity,

w h en p h y sicists h a d stu m b led in to a p u zzlin g p h en om -
en on . R ad ioa ctive m a terials em it p articles th at tem -
p o rarily ion ize a ir, an d th e resu ltin g electric ch a rges
are d etected b y in stru m en ts like electroscop es. H ow -
ever, p h y sicists n o ticed th a t electrosco p es d isch arg ed ,

alth ou g h slow ly, even in th e a b sen ce of ra d io activ e m a t-
ter, a n d th ey co u ld n o t ex p la in th is resid u al d isch arge
th rou g h leaka ge of an y sort. T h ey gu essed th a t th ere
w as som e sort of a b ack g rou n d r̀a d ia tio n ' o f p articles.

A n A u strian p h y sicist V icto r H ess p lan n ed in 1 912 to
stu d y th e so u rce o f th is b ack g rou n d b y m ea su rin g th e
rad iation level at d i® eren t h eigh ts ab ove gro u n d , w ith
electro scop es a b oa rd a b allo on . H e w an ted to d eter-
m in e w h eth er th is b a ck gro u n d rad iatio n w a s in so m e

w ay cau sed b y ra d ia tio n so u rces in th e E a rth . H ess w en t



7RESONANCE ⎜ October  2007

GENERAL  ⎜ ARTICLE

continued...

Box 1. Discovery

C T R Wilson in England, who had invented the cloud chamber to detect energetic particles, noticed as

early as 1902  that even in a well-shielded ionization chamber, a certain electrical leakage always occurred

due to production of ions in the chamber. Radioactive substances and X-rays would have been stopped by

the shields around the chamber. So, Wilson thought that some source of residual ionization existed that

penetrated even thick material. He even suspected that the radiation was probably cosmic in nature.

He had set up an experiment at a place called Peebles in Scotland in a Caledonian railway tunnel and found

that the discharge rate inside and outside the tunnel was the same. He concluded that: “There is thus no

evidence of any falling off of the rate of production of ions in the vessel, although there were many feet

of rock overhead. It is unlikely, therefore, that the ionization is due to radiation which has traversed our

atmosphere ...”

In 1912 (on 7th August), Victor Hess went up in a balloon  along with

two companions from Aussig in northern Bohemia.  It was the seventh

in his series of flights to seek the source of the strange radiation. The

orange and black balloon, named Böhmen (‘Bohemia’ in German),

was twelve stories tall,  and was helped on its ascent by members of

the Austraian Aeroclub. It had a lifting power of about two tons. One

companion, Captain Hoffory, took care of the flight details, and

another, W Wolf, observed the weather. Hess had listed himself as an

‘observer of atmospheric electricity’.

They took off soon after six o’clock in the morning, after the helpers disconnected hoses from hydrogen

tanks that they had carried in a wagon to the meadow by the river Elbe, from where they had decided to

launch the balloon. An hour after the lift-off they reached a height of 1,600 meters and then to 3,600 meters

in the next two hours. They were helped by a gentle breeze and the warming of the gas by the morning sun.

They reached their maximum height of 5,350 meters sometime before 11 am, and Captain Hoffory began

to release gas to start their slow descent.

u p to 17 ,5 00 feet in th e b a llo on w ith o u t ox y gen tan k s,
an d to ev ery on e's su rp rise, h e fou n d th at th e rad iation
lev el in creased w ith altitu d e. H e in terp reted th at th e

so u rce of ra d ia tio n w as n o t in th e E a rth , b u t in th e
cosm os (see B ox 1). H e ca lled th e rad iation c̀o sm ic ra -
d iatio n ', w h ich later ch a n ged to c̀o sm ic ray s'. V ictor
H ess w as aw a rd ed th e N ob el p rize in p h y sics in 193 6 for
th is d iscovery.

Figure A. An electroscope.
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During the six hour long flight, Hess had noted the readings of three electroscopes he had carried to

measure the intensity of radiation. He had three ionization chambers and relevant equipment –  each

chamber had a volume of two litres and was made of a  sealed and thick walled metal cylinder that had a

glass window to observe the electroscope leaves with the help of a microscope. Hess recorded the readings

on all three instruments in rotation, along with barometric pressure reading that indicated the altitude, as

called out by Wolf.  Hess realized that the ionization at an altitude of 1 km dropped to 10 units compared

to 12 units on the ground. But the reading went up to 12 units at an altitude of 2 km, climbing to 15 units

at  3.5 km and then reaching 27 units at 5 km, double the level of ionization compared to what they found

on  the ground. On their way down, Hess took readings for another two hours, and confirmed the data he

had obtained on his ascent. They landed soon after noon, in a village about 50 km east of Berlin, having

travelled a distance of 200 kilometers in six hours.

When Hess plotted the data, there was no doubt that the radiation level increased with the altitude of the

balloon. He wrote in a paper that he published later that year in Physikalische Zeitschrift: “The results of

these observations seem best explained by a radiation of great penetrating power entering our atmosphere

from above.”

Further balloon flights were made during the next

two years by Werner Kohlhörster that reached heights

beyond 9 kilometers. Even at that height, Kohlhörster

found that the ionization continued to increase rap-

idly, but not every one was convinced by the data of

Hess and Kohlhörster, and there ensued a debate in

the scientific circles that continued for a dozen

years.

A historically important event took place the day

Kohlhörster went up on his balloon to reach a height

of 9,300 meters: Archduke Francis Ferdi-nand, heir

to the throne of Austria-Hungary, was assassinated

in Sarajevo, and soon the whole of Europe plunged

into World War 1. Further research for the strange

‘cosmic’ radiation had to wait until the political

turmoil was resolved.
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Cosmic rays are

essentially elementary

particles and nuclei

that are  accelerated

to very high energy in

space and which then

enter our atmosphere.

1 . W h a t a re C o sm ic R a y s?

C o sm ic ray s a re essen tia lly elem en ta ry p articles a n d n u -
clei th at are a ccelerated to very h ig h en erg y in sp ace a n d
w h ich th en en ter o u r atm osp h ere. T h eir en erg ies sp an
a la rge ran ge, from 10 9 eV to 10 2 0 eV . R ecall th at on e
electro n volt (eV ) is th e am ou n t of k in etic en ergy ga in ed
b y an electron in p assin g th rou gh a p oten tial d i® eren ce

of on e vo lt (in va cu u m ), a n d is ro u gh ly 1 :6 £ 10¡1 9 J .
C o m p a re th e en ergy of a ty p icalcosm ic ray to th e ty p ical
k in etic en erg y o f a m o lecu le in ou r a tm o sp h ere, w h ich
is » 0 :0 25 eV { cosm ic ray s are at lea st a b illion tim es
m ore en erg etic th an th is.

T h e m o st p u zzlin g asp ect of cosm ic ray s is th at so m e
of th ese p a rticles p ossess a trem en d ou s am ou n t of en -
ergy. T h eir k in etic en ergy p er p article ca n b e a s large

as 10 2 0 eV » 10 J , w h ich is ap p rox im ately th e k in etic en -
ergy of a co con u t w eigh in g 1/2 k g fallin g to th e gro u n d
from a 2 m eter tall tree! Im agin e a ll th a t en erg y b ein g
carried b y a tin y su b -a tom ic p article. It is also rou g h ly
th e en erg y u sed b y a 40 W ligh t b u lb in on e th ird o f a

seco n d .

T h e ex isten ce o f very en ergetic cosm ic ray s is th erefore
a p u zzlin g p h en om en o n , a n d on e m u st ex p lain h ow p a r-
ticles can b e accelerated to su ch h igh en ergies in sp ace.

O n e m u st also ex p la in th e d istrib u tion o f cosm ic ray en -
ergies, w h ich m ea n s th e n u m b er of p a rticles in d i® eren t
en erg y ran g es. F or ex am p le, w h en on e co n sid ers ga s in
th erm a l eq u ilib riu m , o n e ex p ects th e n u m b er of p articles
in a certa in en ergy ran g e to b eh av e in a p red ictab le w ay

{ m ost p a rticles w ou ld h ave en erg y clo se to th e m̀ ean '
en erg y (of o rd er k T w h ere k = 1:38 £ 10¡ 2 3 J p er d egrees
K elv in is th e B oltzm an n co n sta n t, a n d T is th e m atter
tem p era tu re) a n d so m e p a rticles w o u ld h av e sm a ller or
la rger en ergy th a n th is ty p ical en erg y. In o th er w ord s,

th e d istrib u tio n h a s a p̀ eak ' at an en ergy close to » k T ,
an d th e n u m b er o f p a rticles w ith sm aller a n d h ig h er en -

The existence of very

energetic cosmic rays

is therefore  a

puzzling pheno-

menon, and one must

explain how particles

can be accelerated to

such high energies in

space.
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Figure 2. Maxwell–

Boltzmann distribution of

particles with respect to

their energies in a gas of a

given temperature.

Figure 3.  Energy spectrum

of cosmic rays. The x-axis

shows energy in eV, and

the y-axis plots the flux of

particles carrying this en-

ergy (in the units of number

per second per square

meter per steradian, per

109 eV.)

ergy th an th is is sm all. T h is is th e M a x w ell{ B o ltzm a n n
d istrib u tion of en erg y ex p ected am on g ga s p articles in
th erm a l eq u ilib riu m (F igure 2 ).

O b servation s o f cosm ic ray s sh ow th at th eir en erg ies are
d istrib u ted in a p ecu liar w ay. T h ere d o es n ot seem to b e
an y m̀ ean ' en ergy, n o r is th ere an y p ea k in th e d istrib -
u tion of en ergy am on g p articles. In stead , th e n u m b er of
p articles w ith en ergy E seem s to b e p ro p o rtion a l to E ¡ p ,
so th a t th ere are m a n y p articles w ith very sm a ll en er-
gies, en ergies, an d few p a rticles w ith v ery h ig h en er-
gies (F igure 3). A t th e sm allest en ergy ra n ges, th ere are
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1 See the Reflections article, on

p.87, by Bernard Peters, one of

the discoverers of heavy nuclei

in cosmic rays.

p len tifu l co sm ic ray s, o f m an y th ou sa n d p articles h ittin g
th e atm osp h ere p er sq u a re m eter p er seco n d , w h erea s
th e h ig h est en erg y co sm ic ray s are very rare { w ith less
th an on e h ittin g a sq u a re k ilom eter o f E a rth 's su rfa ce
each cen tu ry ! T h is p̀ ow er-law ' d istrib u tion of en ergy
(sin ce th e d istrib u tion is p rop o rtio n al to som e p̀ ow er'
¡ p o f en erg y E ) also cries o u t for a n ex p la n ation .

A s fa r a s th e com p ositio n of co sm ic ray s a re con cern ed ,
m ost of th em ap p ea r to b e p roto n s, b u t m a n y h eav y
ato m ic n u clei1 a re also p resen t, ex ten d in g a ll th e w ay
u p to u ran iu m n u clei. In n u m b ers, ab ou t h alf o f a ll cos-
m ic ray s (in th e en erg y ran ge o f 1 0 1 2 {10 1 5 eV ) a re p ro -
ton s, ab ou t 25% a re h eliu m n u clei, » 13% a re ca rb o n -
n itro gen -ox y gen n u clei, an d a b ou t a p ercen t a re elec-
tron s. A sm a ll fractio n of cosm ic ray s are p h o ton s (w ith
very h igh en ergy, w h ich h av e gam m a ray s).

2 . D e te c tio n o f C o sm ic R a y s

It is d i± cu lt to d etect th e low est en ergy co sm ic ray s
on th e su rfa ce of th e E a rth a s th ey get a b sorb ed in th e
u p p er a tm o sp h ere. T h ey can b e o n ly d etected b y h igh
altitu d e b allo on s or satellites.

W h en a h ig h en ergy cosm ic ray h its th e u p p er a tm o -
sp h ere, it creates a jet of p a rticles w h ich trav el ap p rox i-
m ately in th e sam e d irection (w ith a sm all d e° ection d u e
to collision w ith air m o lecu les). T h e p articles in th is jet
can th em selv es create m ore p articles w h en th ey h it oth er
m olecu les in th e air. T h is c̀asca d e' o f p articles is called
an à ir sh ow er', a n d it g row s u n til p a rticles in th e sh ow er
h ave lo st th eir en ergy a n d h ave b een ab sorb ed in th e a t-
m osp h ere. (F igure 4 .) T h e in itia l cosm ic ray p article,
w h ich trig gers th e sh ow ers is ca lled th e p rim ary p article,
an d th e p articles created in th e air sh ow er are ca lled th e
seco n d ary p articles. N u m erou s secon d a ry p articles are
crea ted ev ery tim e a cosm ic ray h its ou r a tm o sp h ere.

A h igh en ergy cosm ic ray can gen erate a sh ow er w ith
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A high energy

cosmic ray can

generate a shower

with a million

particles in it.

Figure 4.  Air showers cre-

ated by primary cosmic

rays. Several types of de-

tectors exist to estimate the

energy and direction of ar-

rival of the primary cosmic

ray particle by studying the

air shower.

a m illio n p a rticles in it. T h e secon d a ry p articles em it

° ash es o f b lu e ligh t k n ow n a s C eren kov rad iation th at

can b e d etected b y u sin g o p tical telescop es. T h ese o b -

served ° a sh es can th en b e in terp reted b ased o n m o d els

of a ir sh ow ers, an d th e en ergy an d th e d irectio n of th e

p rim a ry co sm ic ray can b e d eterm in ed .

V ery h igh en erg y cosm ic ray s can create sh ow ers w ith

b illio n s of seco n d ary p articles w h ich are en erg etic en o u gh

to reach th e grou n d th at can b e d etected b y p a rticle d e-

tecto rs. O ften th ese d etecto rs are arra n ged in th e form

of a grid o r an array on th e gro u n d so th at a sin g le

sh ow er ca n b e d etected a t sev era l p o in ts. F rom th e n u m -

b er of p a rticles h ittin g a certain d etector in th is g rid ,

an d th e tim e of d etection , on e can recon stru ct th e air

sh ow er an d o n e ca n estim ate th e en erg y a n d d irection

of th e p rim ary cosm ic ray.

3 . A g e o f C o sm ic R a y s

A m on g th e n u clei d etected as cosm ic ray s, a few are

rad ioa ctive, a n d th e m ea su rem en t of th eir a b u n d a n ce

w ith resp ect to n u clei of oth er elem en ts in cosm ic ray s

p rov id es a w ay o f m easu rin g th e à ge' of co sm ic ray s. B y

à ge', w e m ea n th e av era ge tim e p erio d sp en t b etw een
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Cosmic rays show an

extra abundance of

light element nuclei,

such as that of lithium,

boron and beryllium.

The direction of

arrival of cosmic

rays on Earth does

not necessarily

point towards their

origin in space.

th eir orig in in th e cosm os an d d etectio n o n E a rth . O n e
su ch rad ioa ctive n u clei is an iso top e o f B ery lliu m w ith
ato m ic n u m b er 10 ; it h as a h alf-life tim e o f » 1 :5 m illion
years. C om p arison o f its a b u n d a n ce w ith oth er elem en ts
sh ow s th a t co sm ic ray s on a n av era ge sp en d » (2 {3) £
10 7 y ea rs in th e in terstella r sp a ce b efore b eign d etected
on E arth .

T h ere is a n oth er w ay o f estim a tin g th is à g e'. C o sm ic
ray s sh ow an ex tra ab u n d an ce of ligh t elem en t n u clei,
su ch as th a t of lith iu m , b oro n an d b ery lliu m (w ith re-
sp ect to th e a b u n d an ce o f h y d ro gen n u clei) com p ared
to th e ab u n d an ce in solar n eigh b ou rh o o d . T h is p h e-
n om en on is ex p lain ed in th e follow in g w ay : C osm ic ray s
travel th ro u gh th e in terstellar ga s an d w h en th ey co llid e
w ith a h eav y n u cleu s (like carb on , n itrog en or ox y g en ),
th ey sp lit it in to ligh ter n u clei, th ereb y in creasin g th e
ab u n d an ce of ligh t elem en ts in co sm ic ray s. C lea rly, th e
ex tra ab u n d an ce is d eterm in ed b y th e collisio n rate, a n d
th erefo re d ep en d s o n tw o fa cto rs: d en sity of in terstellar
ga s an d th e travel tim e o f co sm ic ray s th rou g h it (or
th eir à g e'). T h is estim ate also sh ow s th a t co sm ic ray s
sp en d ab ou t 20 m illion yea rs in th eir in terstella r jou rn ey
aro u n d th e G a la x y.

R eca ll th a t in th e p resen ce of m agn etic ¯ eld , ch a rged
p articles sp ira l a rou n d th e ¯ eld lin es (B ox 2). T h e in -
terstella r sp ace is p erm eated b y tan g led m a gn etic ¯ eld
lin es, a n d co sm ic ray p a rticles trav el th rou gh th e in ter-
stellar g as in a com p licated zig za g fa sh io n , b ein g gu id ed
b y th e m ag n etic ¯ eld lin es. T h is m ean s th a t th e d irec-
tio n of arrival o f cosm ic ray s on E a rth d o es n o t n eces-
sa rily p oin t tow ard s th eir o rigin in sp ace { a ll m em ory
of th e d irectio n of th eir sou rce w ith resp ect to E arth is
lo st d u rin g th e jou rn ey th rou gh th e in terstellar sp ace.
It th erefore b ecom es d i± cu lt to p in p oin t th eir orig in b y
sim p ly ¯ n d in g ou t th e d irection o f th eir arriva l.
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Therefore, the motion is helical as shown in the ¯gure (generalized to a case when the
magnetic ¯eld changes its direction) . The radius (gyro radius) of the helix is r = m v

jq jB ,

which can be derived by equating the acceleration mentioned above with centrifugal
acceleration.

The total energy of the particle is given by E = ¹ B + m v 2 = 2, where ¹ is the permeability.
Now consider the case that B is not uniform. It can be shown, in the case where the
change in B is not drastic, that the quantity v ?

2 = B is a constant. This means that
when B increases, the parallel component of velocity decreases, and it may so happen
that it can drop to zero and the direction of velocity may reverse. The charged particle
will then `re°ect' o® in the opposite direction from the region of large B . This is called
a magnetic mirror.

Motion of a charged particle in magnetic field.

B o x 2 . M a g n e tic M ir ro r s

Consider a charged particle moving in a uniform magnetic ¯eld, where the electric ¯eld
is zero. Suppose the magnetic ¯eld is described by B = B ẑ , so that the ¯eld is zero in
x and y directions, and is non-zero only in the z direction. The law of motion of the
particle is given by (in the non-relativistic case) :

m
d v

d t
= q v £ B

Note that the force is perpendicular to velocity, and so there is no net work done (F ¢v )
on the particle by the magnetic ¯eld. So, the energy of the particle does not change, and
the kinetic energy in particular ( (1= 2) m v 2 ) is a constant. In other words, the magnitude
of velocity does not change.

The equation also shows that the acceleration is perpendicular to velocity. The velocity
of the particle can be divided into two components : v ? perpendicular to the magnetic
¯eld and v k that is parallel to the magnetic ¯eld. Clearly, the magnitude and direction
of v k is not changed, and only the direction of v ? changes.

4 . O rig in o f C o sm ic R a y s

W h at so rt of co sm ic p h en o m en on can accelera te p arti-
cles to v ery h ig h en ergies? F lares on th e su rfa ce o f th e
su n { in w h ich h ot ga s is ° u n g b y m a gn etic ¯ eld s to large
d istan ces o® th e su rface, a n d d u rin g w h ich ga s p articles
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Figure 5.  Enrico Fermi de-

picted in a stamp issued by

USA.

can get accelera ted { can p ro d u ce ion s w ith en ergy of a
few b illio n eV , an d w h ich are o ften m issed b y grou n d -
b ased d etectors o n E a rth a s th ese io n s are sh u n ted b y
th e m ag n etic ¯ eld a ro u n d th e E a rth to th e p olar reg io n s
(to create au rora in th e sk y th ere).

B u t th ere are oth er p h en o m en a in sp ace m ore en ergetic
th an so la r ° ares. W h en m assive stars u se u p th eir n u -
clear fu el, th ey ex p lo d e in a sp ecta cu la r m an n er, rip p in g
th em selves ap art in a giga n tic ex p lo sio n called s̀u p er-
n ova'. T h ese stellar m aterial (w h ich on ce m ad e u p th e
p rog en itor star) travel in sp a ce w ith in itia l sp eed s of o r-
d er 10 ,0 00 k m p er secon d . T h ey are even tu ally slow ed
d ow n as th ey sw eep u p th e su rro u n d in g g as (sp ace b e-
tw een stars is n o t com p letely em p ty !), an d co m p ress-
in g th e g as to larg e d en sity an d h ig h tem p eratu re. T h e
com p ressio n of ga s also lead s to co m p ression o f m a gn etic
¯ eld em b ed d ed in th is ga s.

In 19 49, E n rico F erm i su ggested th a t ch a rged p articles
re° ected b y m ov in g in terstellar m a gn etic ¯ eld s ca n ex -
p lain th e cosm ic ray p h en o m en o n . A p article h it b y a
m ov in g clo u d w ill eith er gain or lose en erg y, d ep en d -
in g o n w h eth er th e m a gn etic m̀ irror' (see B ox 2 ) is a p -
p roa ch in g o r reced in g fro m it. F erm i argu ed th at th e
p rob a b ility o f a h ead -o n collision is greater th a n a col-
lision in w h ich a clou d reced es from a collid in g p a rticle
(a t̀a ilga te' collision ). S o, p articles w ou ld on an average
b e a ccelerated . B u t it can b e sh ow n th at in th is ca se,
for a rela tiv istic p a rticle m ov in g w ith sp eed c close to
th at o f ligh t re° ectin g o® a h eav y clo u d m ov in g w ith
sp eed v , th e fraction a l en ergy g ain b y th e p a rticle is of
ord er (v = c)2 , w h ich ca n b e v ery sm a ll, sin ce th e ty p i-
cal sp eed of in terstellar clo u d s is » 10 3 m /s, so th at
v = c < 1 0 4 , a n d th e fractio n al en ergy gain b eco m es to o
in e± cien t. (It w o u ld ta ke, ty p ically, as m an y co llisio n s
as » (v = c)¡2 for th e p article to g ain sig n ī can t am ou n t
of en ergy. W ith a ty p ical d istan ce of » 10 1 6 m b etw een
in terstellar clou d s, it w ou ld m ean w a itin g for a d u ra -

In 1949, Enrico

Fermi suggested

that charged

particles reflected by

moving interstellar

magnetic fields can

explain the cosmic

ray phenomenon.
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tio n » (L = v )(v = c)¡ 2 , or m ore th an ten b illion years, or
th e ag e of th e u n iverse, fo r p a rticles to get sign ī can tly
accelerated !)

In 1 97 0s, p h y sicists fou n d a w ay to a ccelerate p articles
w ith a h igh er e± cien cy th a n th is. E n ergetic even ts o f-
ten p u sh gas in sp a ce w ith a sp eed larg er th a n th e so u n d
sp eed , an d it lead s to w h a t is called a s̀h o ck w ave' trav -
ellin g th rou g h sp ace. A s̀h o ck fron t' is essen tia lly a
lo cation w h ere gas p a ra m eters, like its sp eed an d d en -
sity, ch an g e d rastica lly an d a b ru p tly. W h en a sh o ck w ave
m oves th rou g h a ° u id , p a rticles ah ead w h ich a re m ov in g
w ith a sm allsp eed , a re su d d en ly en v elop ed b y th e sh o ck -
w ave an d start m ov in g w ith a h igh sp eed . M ag n etic ¯ eld
lin es d isru p ted b y su ch a sh o ck w ave w ill still act as m̀ ir-
rors' an d scatter th ese h igh ly en ergetic p articles w h ich
m ay travel b a ck a n d forth across th e sh o ck fron t m a n y
tim es a n d keep ga in in g en erg y. It can b e sh ow n th at
in th e case of a sh o ck w ave m ov in g w ith sp eed v , a rela -
tiv istica lly m ov in g p article can ga in a fractio n al en ergy
of » v = c. F irstly, th is fractio n is g rea ter th an th e p re-
v io u s ca se, a n d seco n d ly, sh o ck w ave sp eed s ca n b e a s
la rge as 10 7 m /s in som e ca ses. T h is m ech a n ism can
th en a ccelerate p a rticles to very h igh en ergies in a sh ort
tim e.

In terestin g ly, F erm i h ad n oted th at th is s̀to ch astic' ac-
celera tio n m ech an ism ca n also p ro d u ce a p ow er-law en -
ergy d istrib u tion a m o n g p articles, ju st as o b served for
cosm ic ray s. C on sid er th e case w h en p articles are stea d ily
in jected in to som e accelera tio n reg ion , an d th ey gain
en erg y at a rate th a t is p ro p o rtion a l to th eir en ergy
(d E = d t = E = ta ). A t th e sam e tim e, su p p ose th at th e
p articles esca p e from in a tim e scale te (d n = d t = ¡ n = te).
In o th er w ord s, th e p rob ab ility p er u n it tim e of esca p e
is 1 = te. T h en in a stea d y sta te, th e n u m b er of p articles
in th e en erg y ran ge E ;E + d E is given b y (see B ox 3),

n (E )d E / E ¡(1 + ta = te )d E : (1)

When a shockwave

moves through a

fluid,  particles

ahead which are

moving with a small

speed, are suddenly

enveloped by the

shockwave and start

moving with a high

speed.

It can be shown that in

the case of a

shockwave moving

with speed v,  a

relativistically moving

particle  can gain a

fractional energy

of ~ v/c.
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B o x 3 .

If particles gain energy according to the equation,

d E

d t
=

E

ta
(1)

then this equation can be solved to give,

E (t) / exp(t= ta ) : (2)

At the same time, if particles are lost according to,

d n

d t
= ¡

n

te
(3)

then we also have for the evolution in the number of particles,

n (t) / exp(¡ t= te ) / E ¡ [ta = te ] : (4)

The number of particle with energy in the range E ;E + d E in a steady state will then
be,

n (E )d E = n (t)
¡d t

d E

¢
d E /

1

E
exp(¡ t= te ) d E / E

£
¡ 1 ¡ t

a
= t

e

¤
d E : (5)
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E q u iva len tly, th e n u m b er o f p a rticles w ith en erg y m ore
th an E is ob tain ed b y in teg ratin g th is d istrib u tion , a n d
is given b y n (> E ) / E ¡ ta = te .

A s a n a n alog y w ith a g am e of ch a n ce, co n sid er so m e
ga m b lers w h o con tin u ally join a ga m e so th a t th ey can
eith er in crease th eir w in n in gs b y a sm all fra ction f w ith
p rob a b ility (1 ¡ p ) o r lose every th in g w ith p rob ab ility

p (¿ 1 ). In th at ca se, th e n u m b er o f g am b lers th at
w in m o re th a n som e a m o u n t w b efore in ev ita b ly lo sin g
is p ro p o rtion a l to w ¡ p = f . In th e cosm ic ray s, w co r-
resp o n d s to th e en ergy, f is p rop ortion al to 1 = ta , a n d
p / 1= te .

T h erefo re, th e en erg y sp ectru m o f co sm ic ray d ep en d s
on tw o im p ortan t p a ram eters: th e tim e scale of accel-
eratio n a n d th a t of esca p e. W e w ill d iscu ss in th e n ex t

article of th e series th e co sm ic even ts th at can p ro d u ce
cosm ic ray s d etected on E arth .
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