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where C is the nuclear molar specific heat of the cobalt
ions, and R is the universal gas constant. Using the
expression for CT'(E derived by MarshalP' for ferro-
magnetic media, namely,

CZ')R= tsI(I-g1) (grrl rrII~(h)'

where I is the nuclear spin (for Co", I= ,'), ga-is the
nuclear g factor, p, ~ is the nuclear Bohr magneton, and
II~ is the magnetic field at the nucleus, we computed
II~ and obtained the value,

~
II'~ =410X10' oe&10X10' oe. (14)

This field is in excellent agreement with the theoretical
calculations of JJt& for a doubly ionized cobalt. atom by
Freeman and Watson. '4 They obtain the value

~
IIrr

~

—435X10' oe. (15)

The specific heat of manganese ferrite should also
contain a nuclear contribution since it too has a large
nuclear magnetic moment, However, nuclear specific
heat data on manganese ferrite will not be as easy to
interpret, since the manganese ions enter the crystal
on both A and 8 sites with various valencies whereas
cobalt enters the crystal on the 8 sites as a 2+ ion.

"A. J. Freeman and R. E. Watson, Phys. Rev. 123, 2027
(1961).

Since ferrites have such small specific heats at low
temperatures due to their large Debye temperatures
and the absence of an electronic specific heat, this
nuclear contribution should easily be distinguishable
from the spin-wave and lattice specific heats without
the necessity of going below i'K.

We can conclude from these data that the T: law for
the magnetic contribution to the specific heat, as
predicted by spin-wave theory, is valid. However,
there is a serious discrepancy in the values of the
exchange parameters when measured at low and high
temperature.
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To obtain y, for H2+ ion bombardment on metal targets, an
expression for the secondary electron emission coe%cient by fast
positive ion bombardment is obtained after adopting a method of
calculation similar to that employed by Sternglass. It is shown
that the experimental values of y, for H2+ ion bombardment agree
with the calculated values provided it is assumed that inside the
target a hydrogen molecular ion is dissociated into a proton and a
hydrogen atom, each having half the energy of the molecular ion.
The dissociation cross section of a hydrogen molecular ion inside
the target may be given by a&=ICQT, where IV=1.2, os is ex-
pressed in units of 10 '7 cm', and T is in Mev.

The secondary electron emission coefficient p, for high-energy
hydrogen atom bombardment on a metal surface is also calculated
and compared with experimental data. In the calculation, a
neutral beam of hydrogen atoms is treated inside the target as
composed of protons and electrons in addition to hydrogen atoms.
Each of these three kinds of particles are capable of producing
internal secondaries

A fair agreement between the calculated and observed values
of p, for H+, D+, H2+, and H bombardments has been ob-
tained.

I. INTRODUCTION

"Tis well known that secondary electrons are emitted
~ ~ when metal surfaces are bombarded by positive
ions. In the low-energy range (up to about 1 kev),
the secondary electron emission coefficient p„which is
defined as the number of electrons emitted by the bom-
bardment of one incident ion, varies directly with the
ionization potential of the ion (potential ejection).
Above 1 kev, the ejection depends primarily on the
kinetic energy of the ion (kinetic ejection).

Secondary electron emission for potential ejection
has been discussed theoretically by Oliphant and Moon, '
Massey, ' Shekhter, ' Cobas and I.amb, 4 Varnerin, ' and

' M. L. E. Oliphant and P. S. Moon, Proc. Roy. Soc. (London)
A127, 388 (1930).' H. S. K. Massey, Proc. Cambridge Phil. Soc. 26, 386 (1930).

'S. S. Shekhter, J. Exptl. Theoret. Phys. (U.S.S.R.) 7, 750
(1937).

4 A. Cobas and W. E. Lamb, Jr., Phys. Rev. 65, 327 (1944).
s L. J. Varnerin, Jr., Phys. Rev. 91, 859 (1953l.
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Hagstrum, and for kinetic ejection by Kapitza, '
Sternglass, ' Ross' and Izmailov. " In this paper, ex-
pressions for p, by high-energy positive ion and hydro-
gen atom bombardments have been deduced. The re-
sults are compared with the available experimental
data for H+, H2+, H, and D+ bombardments. It is found
that the values of y, for H2+ ion bombardments agree
with the experimental values, provided it is assumed
that hydrogen molecular ions are dissociated inside the
target into protons and hydrogen atoms, each having
half the energy of the molecular ion. A beam of high-

energy H' atoms incident on a metal surface has been
treated as a mixture of protons, hydrogen atoms, and
electrons inside the metal.
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According to Bethe, "

TAsLE I. Variation of p. with energy and mass
of the incident ion.

Pe
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3.71
3.24
2.24

II. EXPRESSION FOR y, FOR FAST POSITIVE
ION BOMBARDMENT

Q.t=
2m'Z;e cetZ~t 2trt'D )

In
C., )

(2)

%hen a metal surface is bombarded by an ion, it can
interact with atoms and weakly-bound electrons of the
metal leading to the production of excited electrons in-
side the metal (internal secondaries). A theoretical cal-
culation of Dalgarno and Griffing" for the ions passing
through hydrogen atoms shows that in the high-energy
region ionization is the most important process. Based
upon this calculation it is assumed that the internal
secondaries are produced by ionization of metal atoms. "
The number of external secondaries is then calculated
after considering the escape of the internal secondaries
from the metal surface.

Considering ionization cross section instead of stop-
ping power used by Sternglass and following a method
similar to that employed by him, it can be shown that
in the high-energy range y„ the secondary electron
emission coefhcient, is given by

y, =0.5' P„t Q„tr 1/n e "/n j—,
—

where +=number of metal atoms per cc, Q t=ioniza-
tion cross section of the metal atom for the el shell,
n=absorption coefficient, and /= range of ion inside
the metal; since nl is quite large, e ' can be neglected
in comparison with unity. Hence we obtain

6 H. D. Hagstrum, Phys. Rev. 96, 336 (1954).' P. Kapitza, Phil. Mag, 45, 989 (1923).
E. J. Sternglass, Phys. Rev. 108, 1 (1957).' O. V. Ross, Z. Physik, 147, 210 (1957).

'o S. V. Izmailov, Fiz. Tverdogo Tela, I, 1546 (1959l.
"A. Dalgarno and W. G. Griffing, Proc. Roy. Soc. (London)

A232, 423 (1955).
"Several observations can be cited in support of this assump-

tion; firstly H. S. W. Massey and E. H. S. Burhop tiEtectronic
and Ionic Impact Phenomena (Clarendon Press, Oxford, 1952),
Chap. IX.) showed that there are many features common to
the ionization of an atom and the production of secondaries by
ion bombardments. Secondly, it is found from the application of
the adiabatic hypothesis of Massey that the energy at which
the ionization cross section is maximum is of the same order as
that for which the yield of secon(]arj. es is rq.aximum. .

where no=mass of the electron, Z;&=charge of the ion,
E„~=ionization potential of the el shell, Z„~——number
of electrons in the nl shell, and C„~=certain mean of
E~—E„~having a value of the same order as E„~,

c.,—(Z, s/rt'tto ) ix.t, s( dk.

The value of the c„~ ranges from 0.28 for the 1s shell
to 0.04 for the 4f shell of the hydrogen atom. Substitut-
ing the value of Q„t in Hq. (1) and replacing ti by T and
mass M of the incident ion, one obtains the secondary
electron emission coefficient

0.5iV vrZ, '&4M ci 4m T
In

rrtT ~t i'„,i
iM C„i

(3)

"N. F. Mott and H. S. W. Massey, Theory of Atomic Collisions
(Clarendon Press, Oxford, 1949), 2nd ed. , Chaps. IX and XI.

"A. Seeker, Ann. Physik 2, 249 (1929).
'5 A. Partesch and %. Hallwachs, Ann. Physik 41, 247 (1913)."B.Aarset, R. W. Cloud, and J. G. Trump, J. Appl. Phys.

25, 1365 (19$$),

The value of n is not known definitely. The values ob-
tained from the experiments of Becker" and Partesch
and Hallwachs" show that 1/n is about 100 A. To
determine the value of n, the calculated value of y,
for 1-Mev (H+ —Al) emission is made to coincide with
the observed value.

Assuming that the two outermost shells of Al are
ionized by protons, we have

cV Q t Q„t=1.86X10'.

Since the experimental value of y, for 1-Mev (H+ —Al)
emission is 1.08 (Aarset et al.ts), the value of n becomes
8.50)& 10', which shows that secondaries can come from
a depth of about 120 A. In the above calculation, the
value of c ~ is obtained from Bethe's table and C„~ is
assumed to be —,'0 of E„~.

In Table I, the variation of y, calculated from formula

(3) with the energy of the ions is shown for an aluminum
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internal secondaries is about seven times greater than
the value obtained by us. Furthermore, Sternglass has
assumed 1/n to be 15.5 A which is only s~of our value.
It has been found experimentally"" that for electron
bombardments, its value is about 100 A. Since escape
problems of secondaries produced by the bombardments
of electrons and ions are the same, this value of 0, can
be assumed also for ion bombardments. It agrees with
our value but is about seven times the value used by
Sternglass.

III. SECONDARY ELECTRON EMISSION BY THE
BOMBARDMENT OF HIGH-ENERGY

H2+ IONS ON METAL

~ f I', .$ .0 .g 1 /. 2 IA I.8 l,g &.0

lON - ENEMY (&+&)

FEc, j.. Comparison of experimental values of y, for H+ ion
~vith the calculated curve as obtained from Eq. (3). (o: obtained
experimentally for Al target by Hill et ul." and o: by Araset
et a/. ' for the same target. )

target bombarded by H+, H~+, and D+. It will also
indicate the variation of y, with the mass of the ion.
Values observed experimentally for an Al target bom-
barded by H+ and H2+ ions by Hill et al."and Aarset
ef al."and for a Cu target bombarded by D+ ions by
Al~ishin" are also given for comparison. In Fig.
experimental values for H+ ions are compared. with the
calculated va, lues. For H2+ ion bombardment, the y,
are calculated after considering the splitting of H~+ ions
into protons and H atoms (see Sec. III). From Table I
it follows that there is a fair agreement between the
calculated and experimental values. It may be pointed
out that the agreement is closer than what. is apparent
from the table. This is because according to Akishin
the determination of y, for D+ ion bombardments is
correct up to &10% and the error in the measurement.
of the incident ion energy is &200 kev.

It may be pointed out here that Sternglass' also
obtained an expression for y, . Instead of using ionization
cross sections, he utilized stopping power. Although for
protons our value for p, agrees with that obtained by
Sternglass, it may, however, be pointed out that the
number of internal secondaries and the absorption
coef6cient obtained by us diGer from those calculated
by Sternglass. He assumed that the mean energy loss
for the formation of a secondary is 25 ev. This value is
small if we consider that the energy of an internal
secondary is about this value. It may, however, be
pointed out that in addition to ionization, the ion loses
energy in producing excitation. According to Dalgarno
and Griping" the loss of energy due to excitation com-
pared to ionization loss is about one-third at 1 Mev.
Since close collisions are ineffective in producing ex-
ternal secondaries, ' this ratio should be larger. As-

suming the mean energy loss is 25 ev, the number of

'VA. G. Hill, W. W. Buechner, J. S. Clark, and J. H. Fisk,
Phys. Rev. 55, 463 (1939).

"A. I. Akishin, Zhur. Tech Fiz 28, 776 .l195.8).

Since f, is quite small and or is expected to be small in
comparison with 0-~, we have

(4)

Assuming that the internal secondaries are produced
by the ionization of metal atoms by the bombarding
particles, the number of internal secondaries produced
between depths x and x+dx is given by

dy, =NQHg+f2dx+NQH+fgdx+NQHofgdx, (5)

where QH~+, QH+, and Qno are the ionization cross sec-
tions of metal atoms by bombardments of H~+, H+, and
H', respectively.

Since the escape probability of the internal secondaries
is given by 0.5 e ' and fr=1—f~, we obtain, after
integrating Eq. (5) through the range of penetration /

of bombarding of particle inside the metal,

0.5A"

H2 H H H H ~

Q+No'd A

0.5A

(For the same reason as given in Sec. II, e ' has been
neglected. ) Again, since

yn+= (0.5N/n)Qn+,

While traversing a ta,rget, high-energy H2+ ions may
dissociate into protons and hydrogen at~ms, each having
half the energy of a hydrogen molecular ion. Further-
more, the hydrogen atom may be ionized, yielding
another proton and an electron. In this section, y, has
been calculated after considering the splitting of H2+
ions into protons and hydrogen atoms. It will be shown
in the next section that for secondary electron emission,
a hydrogen atom of energy T is equivalent to one proton
of the same energy and an electron of energy T/1836.

At a depth x inside the metal, the change in the
fraction of H2+ ions after traversing a distance dx is
given by

df,= f~o ~Ndx+ —f,or)Vdx, .

where 0-~ and 0~ are dissociation and recombination
cross sections, respectively, and
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Energy
in Mev

0.284
0.426
0.7
0.85
1.0
1.3
1.6
2

')/e

(calculated)

5.92
5.15
3.71
3.62
3.31
2.61
2.39
2.19

')/e

(experimental)

6.29
5.46
3.71.
3.4
3.24
2.85
2.58
2.24

Percent
deviation
of y, (exp)

from p, (cal)

+5
+5.6

0
—6.5—2.2
+8.4
+6.9
+2.3

we have

TABLE II. Variation of v, for H2+ ion bombardment
with energy. (Al target. )

To calculate 7, for various energies, the values of VH+~~~

and vH+(~~~~ are taken from the experimental values
of Aarset et at." and Hill et al. '~ while the value of R
is obtained from experiments of Barnett e/, (El.)0 (or
extrapolation from their value) and E is taken to be
1.2. The calculated values of y, are shown in Table II,
where the experimental values are also given for
comparison.

The maximum deviation between observed and calcu-
lated values of 7, is about 8/Yo. Considering the various
assumptions involved and the simple relation which has
been assumed for the dissociation of molecular hydrogen
ions into protons and hydrogen atoms, this deviation
is not great. The actual relation between 0-d and T may
be quite complicated.

Pe (YH2 (T) YH (T/2) YE( (T/2))
1+(1V/n) o d

+ YH+(T/2) +'YH4(T/2) 1

where 7»+(&~ is the secondary electron emission coefFi-
cient for H2+ ions in the absence of dissociation. %e
Anally obtain

H2 (T) +(YH (T/2) +'YHO(T/2) }(1V/n)rrd
v.= — — (6)

1+(1V/n) o g

Experiments of Barnett et ut." show that for brass,

YH / YH+ 1+~)

where the value of R increases logarithmically with
energy. In particular, its values at 200 kev and 1 Mev
are 0.32 and 0.61, respectively. Since, in the high-energy
range, 7, is independent of the target material, "' the
above relation can be assumed for all metals. One then
obtains

YH2+(»+»+(T/2) (2+&)(1V/n)«
Pe I+ (1V/n) o d

It is natural that in the high-energy range 0-q increases
with energy. In the absence of any data the following
simple relation, namely that 0-z varies directly with the
velocity of the ion, has been assumed:

(8)

Expressing fTq in units of 10 ' cm' and T in Mev, it is
found that for best fit between calculated and experi-
mental values, E should be equal to 1.2.

It can be shown that in the high-energy range, we
have,

2m T 4m T
VH2 (T) =2VH+(T) ln — ln . (9)

M C„i 3EC„i
~o C. F. Barnett and H. IZ. Reynolds, Phys. Rev. 109, 355

(1958).

H'(T) —+ H+(T)+e(T/1836). (M/2)2=1836)

Hence, a neutral beam of hydrogen atoms can be treated
inside the target as composed of protons and electrons
in addition to hydrogen atoms. Each of these three
kinds of particles are capable of producing internal
secondaries.

Consider now a beam of hydrogen atoms penetrating
through a metal. The fractional concentration of neutral
atoms and protons at a depth x is given by"

010 OO&

~
—&(01o+~o1)~

(rip+(rpl &10+(rpl

Oox

&
—Ã(~1o+~o1) ~

&10+(rpl (r10+(rpl

goy

Since each hydrogen atom produces one proton and one
electron, the number of electrons is equal to f1.

The number of internal secondaries produced between
depths x and x+dx is given by

dy; =1VfpQE2odx+1V f—(QH+dx+ fEAdx, (12)

where A represents the number of internal secondaries
produced by electrons in traveling through unit dis-
tance. Substituting the values of fp and f1 from Eqs.
(10) and (11) in Eq. (12), multiplying by the escape

"S.K. Allison, Revs. Modern Phys. BO, 1137 (1958).

IV. SECGNDARY EIECTRGN EMISSIGN BY
BQMBARDMENT QF HIGH-ENERGY

HYDRQGEN ATQMS

Since in the high-energy region the loss cross section
0-o& is many times larger than the capture cross section
o.~o, a hydrogen atom of energy T while traversing a
target is ionized, yielding one proton of the same energy
and an electron of energy T/(M/I). Thus
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TABLE III. Comparison of theoretical and experimental
values of the ratio vHO/vH+.

assuming ft„ to be unity, or

Energy
in kev +HO

(+no/QH+) ) (7H&/QH ) 6 Percentage
for Al for brass deviation

L'H (F)+~8(F/1886) j(~/n)&pl+(0 5~/n)QH (T)
~H0=--

1+(1V/n)o. pr

200
300
400
500
600
700
800
900

1000

3.70
3.13
2.75
2.47
2.24
2.05
1.91
1.82
1.79

1.20
1.27
1.36
1.43
1.50
1.56
1.59
1.65
1.66

1.32
1.39
1.45
1.49
1.52
1.55
1.57
1.59
1.61

+9.0
+8.7
+6.2
+40
+1.3—0.7—1.3—3.8—3.1

(15)

To calculate VHo at diferent energies, Eq. (15) is
utilized. Experimental values of VH+ are taken from
Hill et al. '" and Aarset et a/. ,

"while values of 7; are
taken from Brunning et al."To calculate 0-p~ for a neu-
tral hydrogen beam penetrating through aluminum,
Bohr s relation" for tTp~ is utilized. According to this
relation

probability, and then integrating, we get

&cp

2

(Tpl ~ ~')

Z being the atomic number of the target. Hence we get

+to+&01
&oz

~AI
&Q1(Al) &01(Ar) ~

~Ar

Now

Hence,

(&to+&or)c-1+(~/n) (&or+&to)j
0.5+- — (&QH++~)

&px

&01+&10

VH+= (0.51V/n)QH+,

V-,=0.5A/n.

(»)
(not+nto)f1+(&/n)(~ot+n)o) j~

Using experimental values of (Tpy(A„) given by Barnett
et al. ," the values of O.p~(A~) for the 200-kev to 1-Mev
energy range are calculated.

In the case of hydrogen atom bombardment, the
high-energy beam is rapidly changed to protons and
hence the contribution to secondary electrons by bom-
bardment of H' is small. Therefore, the second term in
Eq. (15) can be neglected in comparison with the erst
term. Thus, we obtain

P H (T)+~e(T/1886) jP/n)&01
~H

1+(E/n)not
O.SS 100

QH'(F) fo-+
n 1+P'/n)no)(1+ fo /fr )

+L»'(F)+~-.(~/1g36) jfr-

where

X (14)
1+(&'/n)not(1+ fo./f( )

0.5$
HO—

1+(X/n)op)

+(~H (F)+78(T/1886))
1+(1V/n)o-p)

"T.Hall, Phys. Rev. 79, 504 (1950).

fo &10/(&10+&01) and fr &ol/(&01+&10)

are the equilibrium fractions of protons and hydrogen
atoms, respectively.

It was shown by Halp' that for metallic foils fr„ is
several tens times greater than fp„ for energies greater
than 200 kev. Hence in the energy range under considera-
tion fp„can be neglected in comparison with fr„, we
then have

The calculated values of yH0 are shown in Table III.
The values of »0/VH+ are also shown and are compared
with the experimental values obtained by Barnett
et al."for brass target.

The maximum deviation of the calculated and ob-
served ratios of secondary electron emission coefficients
by neutral hydrogen atoms and protons bombardments
is 9%, which is not large because experimental error can
be as great as 7%."Furthermore, it should be noted that
the experimental data for 7H+ and 7-„are obtained by
different investigators, who might not have performed
their experiments under identical conditions. Since the
positive error decreases with energy and at the most is

9%, it can be concluded that the production of the
internal secondaries by neutral atoms is very small as
compared with those produced by protons and electrons.
It is to be noted that»o/VH+ calculated for Al is com-
pared with the experimental values for brass. As the
agreement is quite good, it indicates that like VH+,

the coeKcient VH0 is also independent of the target
material in the high-energy range.

66H. Brunning and J. H. De Boer, Physica 5, 17 (1938).
23 N. Bohr, Kgl. Danske Videnskab. Selskab, Mat. -fys. Medd.

Is, No. 8 (1948).


