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If a compound containing Fe" exhibits a two-line Mossbauer absorpt'on spectrum, as is the case for most
paramagnetic ferrous salts, then this spectrum may usually be attributed to the electrostatic interaction
between an electric-field gradient (EFG) and the quadrupole moment of the first excited state of the Fezz.
Since the EFG may be represented as a traceless, symmetric tensor of the second rank, it is completely
specified by five independent parameters. If the absorber is a single crystal, the two absorption peaks will
generally have different intensities, the ratio of the intensities depending upon the orientation of the incident,
unpolarized radiation relative to the crystal axes. In this paper, a general method is developed which utilizes
this intensity ratio to determine the five EFG parameters. The possibility of an anisotropic recoilless factor
is also considered. The method is then applied to FeClg 4HgO.

1. INTRODUCTION

A NUCLEUS with spin angular momentum I&1,
in the presence of an electric-field gradient (EFG),

may have the degeneracy of its (2I+1) spin-orientation
levels partially removed by the electrostatic interaction
of its quadrupole moment with the EFG.' Since the
EFG may be represented as a traceless, symmetric
tensor of the second rank, it is completely specified by
6ve independent parameters. Three of these parameters
locate the principal axes of the EFG relative to the
atomic environment or crystal axes. If the nuclear
environment is of sufficiently low symmetry, then the
orientation of these principal axes is not obvious and
must be determined by experiment. For nuclei pos-
sessing quadrupole moments in their ground state,
methods utilizing nuclear quadrupole resonance have
been developed to determine these orientation parame-
ters. This paper will be concerned primarily with indi-
cating how the Mossbauer eGect' may be utilized to
determine these same parameters for nuclear excited
states, using as an illustration, the quadrupole inter-
action of the first excited state of Fe'" in the crystal
FeCl2 4H~O. Our method takes advantage of the
anisotropy of the dipole y emission (or absorption) rela-
tive to the orientation of the nuclear spin, which is in
turn related to the principal axes of the EFG.

where

g = ~resqQ(1+rrts)its (1b)

Lxttlj=principal axes of EFG (s=major axis),

eg =EFG in 9 direction= V„,
rt= asymmetry about 9 (0&z)&1),
Q=quadrupole moment of the first excited state

of Fe'".

magnetic ferrous compounds. 4 If one uses a monoener-
getic unpolarized source, e.g. , Co" in Cu or Cr, in
conjunction with the ferrous salt as the absorber, the
measured spectrum is usually characterized by two
absorption peaks. Since the ground state has no
quadrupole moment, the observed splitting, generally
ranging from 20 to 40 Mcjsec, is attributed to an
electrostatic interaction between the quadrupole mo-
ment of the first excited state and the EFG produced by
the electrons and ions surrounding the nucleus. Since the
Fe" erst excited state has spin ~3, the Hamiltonian for
the interaction, written in the principal-axis system of
the EFG is'

(1a)

with eigenvalues

2. EXPERIMENTAL OBSERVATIONS

Mossbauer resonance absorption, utilizing the 14.4-
keV transition between the ground and erst excited
states of Fe'~, has been observed in numerous para-
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~ A. Abragam, The Principles of Xecleur MagrIetism (Clarendon
Press, Oxford, England, 1961), Chap. VI.

~ T. P. Das and E. L. Hahn, Solid State Physics, edited by F.
Seitz and D. Turnbull (Academic Press Inc. , New York, 1958),
Suppl. 1.' H. Frauenfelder, The Mossbauer Egect (W. A. Benjamin and
Company, Inc. , New York, 1962).

A

In future discussion, we shall use the designations "3"
and "1"to indicate absorptive transitions to the levels
with hyperhne energies E3 and Ej, respectively, these
energies being defined in Eq. (1b).'

Using powdered absorbers, the intensities of the two
peaks are usually of the same order of magnitude
although this need not be true if the anisotropy in the
Lamb-Mossbauer recoilless factor is significant. DciBer-
ences in peak intensities may also arise from various

4 S. DeBenedetti, G. Lang, and R. Ingalls, Phys. Rev. Letters 6,
60 (1961).' M. H. Cohen and F. Reif, Solid State Physics (Academic Press
Inc. , New York, 1957), Vol. 5.

The transition to level "3" will have less energy than the
transition to level "1"if e'qQ is negative.

V. I. Goldanskii, E. F. Makarov, and V. V. Khrapov, Phys.
Letters 3, 344 (1963).
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where

o.„(E,8,&)—= th. e energy-dependent cross section per nu-

cleus for transition m when the incident,
unpolarized beam makes polar and azimuthal
angles 8 and P relative to the perturbing
fields causing the splitting,

f'(8,&)=—recoilless absorption probability whose angu-
lar dependence derives from the anisotropy
in the mean square displacement of the
vibrating nucleus,

X=volume density of nuclei capable of reso-
nance absorption,

t= sample thickness.

Assuming that the quantity o „(E,8,&)f'(8,$)lVt((1, the
exponential may be expanded and the expression for the
area reduces to

O. 1Vtf'(8,$) o„(E,8,$)dE.

.86—
~0

SOURCE VELOCITY (gnny'sec)

It may be shown from considerations in Chap. IV of
Ref. 10 that,

Fn. 1. Observed absorption spectra when unpolarized source
radiation is incident on crystal: (upper) —parallel to c axis,
(lower) —parallel to a' axis. where

o„(E,8,y)-) sA. (8,y)k(E E.), —

X=unperturbed gamma wavelength,

relaxation mechanisms, although these are probably
important only in crystals with a dilute concentration
of ferrous ions. If one employs single crystals as ab-
sorbers, the two peak intensities will in general be quite
different, varying in a complicated way with the crystal
orientation relative to the incident photon beam. Figure
1 shows two typical experimental spectra for a single
crystal of FeC12 4820. The upper spectrum is observed
when the source radiation is parallel to the c axis of the
crystal, the lower spectrum being observed when the
radiation is perpendicular to c. These experimental data
were obtained using a standard velocity sweep arrange-
ment in which the sinusoidal velocity signal generated
by the source motion is fed directly to the analog to
digital converter of a multichannel analyzer.

3. ABSORPTION AREAS

In order to determine the EFG parameters from data
of this type, the experimental quantities to be utilized
are the absorption peak areas. If we assume that we

have a monochromatic, unpolarized source and a single-

crystal absorber with one absorbing nucleus per unit
cell, it may be shown' that the area under the eth
absorption is approximately proportional to

dE(1 pL -(E,8A—)f'(8A)&t5) (2)

8 M. Blume, Phys. Rev. Letters 14, 96 (1965).' G. Lang, Nucl. Instr. Methods 24, 425 (1963).

A„(8,$)dQ= the spontaneous-transition probability for
errcittircg a photoN with energy E„into solid
angle dQ at (8,y),

k(E—E„)= a Lorentzian function norma, lized, so that

Ic(E E„)dE=1. —

Using a semiclassical approach, which is sufhcient for
our purposes, and restricting discussion to either pure
electric- or magnetic-dipole radiation, it can be shown
that A „(8,&) is given by"

A-(8A)-E-'(I8 D-I'+
I 4 D-I') —=E-'P-(8A), (4)

where 8 and P are the spherical unit vectors and D„ is
the matrix element of the nuclear dipole-moment opera-
tor which interacts with the radiation 6eld. If the
radiation is pure electric-dipole, then D = P„, the
matrix element of the nuclear electric-dipole moment; if
the radiation is pure magnetic-dipole, then D„=M„, the
matrix element of the nuclear magnetic-dipole moment.
The quantity p„(8,$), defined in (4), we shall call the

"E. U. Condon and G. H. Shortley, The Theory of Atomic
Spectra (The Macmillan Company, New York, 1935).

"Equation 5'4 of Ref. 10 is a classica expression containing
those terms in the radial component of the time-averaged Poynting
vector (S)'„which contribute at large distance to the power
integral J4 ( )',rS' O.dIt is easily shown that Eq. 5'4 is equivalent
to (S)'„=(ck4/8vr') (g.D)g+(p D)p~s and that it is valid for
either electric, D=].', or magnetic, D= M, dipole radiation. It is
transformed to the correct quantum-mechanical formula by
replacing the classical dipole-moment operator D by twice the
matrix element of D—=D„.
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relative an ular deg dependent absorption probability for
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Q,.-Xa'E„sf'(e,y)p„(e,y) .
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By utilizing the fact that the Fe", 14.4-keV transition
is magnetic-dipole, 4 it can be shown that the relative
absorption probabilities, pa and pq, which are to be
substituted into Eq. (6) are given by (see Appendix A)

pa(g, y) = 4L(3/7p)/3j&&2

+ (3 cos'8 —1+g sin'8 cos2&),

p~(8A) =4L(3+v')/3j'"
(8)

—(3 cos'8—1+g sin'8 cos2$) .

+C

209 A

%e are interested first in 6nding expressions for cos'0;
and sin'8, (cos'P;—sin'P;) in terms of the known experi-
menta, l angles O~, 4 a,nd the unknown Euler angles re-
lating site i to axes (a'bc).

Now-it-is easily shown that

sin8, cosP;= sinO

sing; sing;= sinO~

cosg;= sinO~

cosC (d' 9;)
+sinO sinC (c i,)+cosO'(b 9,),
cosC (d' g,)
+sinO sinC (c g,)1cos0~ (b g,),
cosC (d' z,)
+smO sm4'(c z )+cosO(b 9;).

Each of the direction cosines, i.e., d' 9,, c.g;, etc. , can be
expressed as a function of the same Euler angles,

. 150'i) ~i) 7i ~

If we let k; stand for either S;, j;, or z, , then the
symmetry relation between the two sites, i.e., the 180'
rotation about the b axis, can be written a,s

A A

a k1= —c'.k2,

FIG. 3. 33asic structural unit of the FeCI&.4H&O crystal. All
angles are approximately equal to 90' except for the Cl -Fe++-Q(2)
angle which is equal to 81'.

p3 (81 $1)=p3(82;$2) and pl(81 4'1) pl(82 $2) ~

sequently, for measurements in these directions, Eq.
(11) is valid even in the presence of f' anisotropy since
f' cancels out of Eq. (6) under these conditions. If we
make the assumption that (1+rj/3)U' is approximately
equal to one, since (0&g& 1), the area ratios for these
special directions, obtained directly from Eq. (11), are

o', 3 3+b—(0,0) =
0',1 5—b

(»)
Q,, (w 3+ (a cos'4+c sin'4+d sin24)

Sq(2 5—(a cos'4+c sin'4+d sin24)
A A

c k1= —c.k2) (10) where

b k1=b k2.

Consequently, if we assume that f' is isotropic, then by
utilizing Eqs. (8), (9), and (10), it may be shown that
Eq. (6) for FeC12 4H20 has the form

4L(3+vP)/31" +L3E 1+UX~3

Q, ~ 4L(3+yP)/3$'~~ —L3+—1+qlP)
where

X= sin'0'[cos'CZ '+sin'CZ '$+cos'O'Z~'
+sin'O~ sin24Z, Z„

E'= sin'O'Leos'4 (X~'—Y' ')+ sin'4 (X '—Y ')j
+cos Q(XP —Yq )+sin sin24 (X X,—Y' Y,).

The quantities Z, P„etc., in E and E' are just the
direction cosines a d', g c, etc.

For observation directions O~=C=O and O~=a/2,
0&4 &27r, it can be shown from Eqs. (8), (9), and (10)

"G. T. Ewan, R. L. Graham, and J. S. Geiger, Nucl. Phys. 19,
221 (1960).

"M. K. Rose, Elementary Theory of Angular Momentum (John
Wiley and Sons, Inc. ) New York, 1957).

b=3ZP+q(Xb' —Yg') = b(q, nP, y),
a=3Zo'+g(X, '—Y,') =a(g, P,ny),

c=3Z,2+g(XP Y,2) =c(—q, n,P,y),
d=3Z Z,+g(X, X,—Y Y,)=d(g,nPy).

Rather than solve these equations for g, n, P, and y either
analytically or with computer techniques, an approxi-
mate symmetry element associated with the crystal c
axis was utilized to hnd the EFG parameters from the
experimental data. This is described in the next section.

S. EXPERIMENTAL DATA AND
EFG PARAMETERS

Previously it was mentioned that the ferrous ion is
surrounded by a distorted octahedron composed of four
water molecules and two chlorine ions. This octahedron
is depicted in Fig. 3. It will be noted that there are
actually two different sets of water molecules about the
Fe++, the set O(2) being approximately one-half

angstrom farther out that the set O(1). LThe nomen-
clature O(1) and O(2) is used since the x-ray data
distinguish only the position of the oxygen atom in the
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TABLE I. Single-crystal area ratios. Measured splitting and
EFG parameters, assuming Q =+0.29 b: 5E (300'K) =3.00
mm/sec, g=0.1, ~ eq=+9.9X10~ V/cms; itE (77'K)=3.10
mm/sec; &=0.1,~ eq=+1.03X10"V/cm'.

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)

0 0
s/2 0
s/2 rr/4
s./2 —s/4
s./2 s/2
s/4 s/2
s/4 0

Powder

300'K
Expt.

(@rr/@z)

1.21
1.24
0.82
0.87
0.59
0.87
1.44

=0.97

Calc.
(its/ i1i)

1.25
1.25
0.89
0.89
0,63
0.89
1.25s
1.00~

77'K
E t.

(err @r.)

1.29
1.26

0.65

1.35
(1.00

& Calculated assuming an isotropic recoilless factor,

water molecules. f The O(1)-O(1) direction is approxi-
mately perpendicular to the plane formed by the two
O(2)'s and the two Cl 's and. the O(2)-Fe++-Cl angle
is 81'.Therefore, the local electrostatic symmetry about
the ferrous ion is approximately that due to a sixfold
monoclinic coordination of negative ligands with the
O(1)-O(1) direction corresponding to the monoclinic
axis. We might expect therefore that the O(1)-O(1)
direction (approximately parallel to the crystal c axis
for both sites), would be a principal axis (either the
major, minor, or intermediate) for the nuclear EFG.

Testing these possibilities in Eq. (12) and comparing
with the experimental data appropriate to Eq. (12)
jmeasurements (1)—(5) in Table Ij, a reasonable fit
could be found only if one assumed the following:

(a) The c axis, assumed to be the O(1)-O(1) direc-
tion, is the minor axis of EFG. That is, X,= 1, X =X~
=Z,= I',=0.

(b) The major axis of the EFG, either ii or J to the
Cl -Cl direction, makes an angle of approximately 45'
with respect to b. That is, Zs ——Z. =-',V2.

(c) The ratio of the high-energy experimental ab-
sorption area to the low = 0',rr/Sr, is equal to (ts/at and
not 0', t/Gs. The high-energy absorption peak is the one
occurring at =+3 mm/sec in Fig. 1.

(d) ran=0. 1.

The EFG principal-axis system (PAS) proposed by (a)
and (b) above, relative to the ferrous ion surroundings,
is shown in Fig. 4. The PAS for the other site may be
obtained by rotating the PAS shown through 180' about
b. There is an indeterminacy remaining in the problem
in that the PAS shown in Fig. 4 can go with either the
upper or lower atomic configuration. That is, the major
axis of the EFG is either parallel or perpendicular to the
Cl -Cl direction. This indeterminacy arises since the
FeC12-4H20 crystal has the two equivalent sites per
unit cell.

Assumption (c) above implies that the energy of state
its) is greater than iPt) and from Eq. (1), this implies
that e'gQ is positive. Since Q has been shown to be

EX PERlMENTAL RESULTS

2I,

a'
/ z; = major axis

FIG. 4. On the left is a view down the c axis of the crystal
showing the atomic configuration in each site of the unit cell. The
figure on the right indicates the position of the experimentally
determined EFG principal axes in the ith site.

~' C. E.Johnson, W. Marshall, and G. J.Perlow, Phys. Rev. 126,
1503 (1962).

'7 R. Ingalls, Phys. Rev. 133, A787 (1964).
rs J. Petzold, Z. Physik 163, 71 (1961).

positive" and approximately equal to 0.29 b, ' q is posi-
tive and may be calculated by substituting the meas-
ured splitting hE and g= 0.1 into the expression
/3E= (e'qQ/2) (1+rp/3)'". (See Table I.)

Measurement (6) in Table I was made in order to
determine if the fit obtained from measurements (1)—(5)
was unique or merely one of many possible Gts. If the
assumption is correct that the c axis of the crystal is a
principal axis of the EFG for both sites, then it may be
shown from Eqs. (8), (9), and (10) that ps(8tgt)

1

=ps(eels) for al! measurements made in the (b—c)
1

plane of the crystal (i.e., 0& O~ &s-, 4 =rr/2). Under these
conditions, as discussed in the previous section, Eq. (11)
is valid even if f is anisotropic. Therefore, using the
EFG parameters defined by (a) through (d) above, the
area ratio for direction {i was calculated erst from Eq.
(11) and then compared and found to agree with the
experimental ratio.

Measurements (8), for FeCls 4HsO powder, indicate
that f' is anisotropic at room temperature with the
anisotropy diminishing as one goes to lower tempera-
tures. In order to determine the effect of this anisotropy
on a single-crysta, l area ratio, measurements (7) were
made in a, direction where f anisotropy could be im-

portant; (0~= rr/4, C =0). The comparison of the value
calculated from Eq. (11),which assumes an isotropic f',
with the experimental values, appears to support the
powder data. That is, the f' anisotropy appears to
diminish as one goes to lower temperatures since the
area ratio calculated assuming f' is isotropic is closer to
the low-temperature experimental ratio. Data of this
type can provide meaningful information about this
anisotropy provided the angular dependence of f'. is
known. In the harmonic approximation, ' this angular
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dependence is relatively simple and its substitution into
the area ratio formula, Eq. (6), is straightforward. "

6. MAGNETIC SUSCEPTIBILITY

At this point, it is interesting to note that the single-
crystal magnetic-susceptibility data" for FeC12 4H20
indicate that the principal axes of the local susceptibility
tensor do not coincide with the principal axes of the
EFG tensor. The local monoclinic axis, O(1)-O(1), is a
principal axis for both tensors as would be expected but
in the plane perpendicular to the monoclinic axis, the
principal axes have a relative orientation difference of
=15'. Although the susceptibility measurements were
made in the 20—1'K temperature range and the
Mossbauer data being compared was taken at 77'K, it
does not seem plausible that a 15 variation could arise
from the temperature difference. The fact that a 20'K
measurement of an area ratio for one ferrous chloride
sample showed no appreciable change from its 77'K
value, argues in favor of this viewpoint. Consequently,
the symmetry of the EFG interaction with the Fe"
nucleus is actually different than that of the suscepti-
bility interaction of the paramagnetic ferrous ion. The
difference may have its origin in core polarization effects
although most probably, it is due to the fact that there
is really no reason why they should be the same when
the paramagnetic ion is in an electrostatic configuration
of little or no symmetry. It might be noted that the
samples used in both the Mossbauer and susceptibility
measurements were in some cases from the same crystal,
so that this symmetry difference is most likely quite
real.

7'. CONCLUSION

A method for adequately determining EFG parame-
ters utilizing the Mossbauer technique has been pres-
ented. This method complements that used in nuclear
quadrupole resonance in that it permits the evaluation
of EFG's at nuclei which do not have ground-state
quadrupole moments. An interesting experiment, com-
paring both methods, could be performed utilizing the
Au" nucleus, since it has a Mossbauer transition from
a spin —,', first excited state to a spin ~ ground state. "
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APPENDIX A

In deriving Eq. (8& for the relative absorption
probabilities ps(8,$) and pr(8, &), we 6rst consider the
interaction of the nuclear quadrupole moment with the
EFG. The Hamiltonian for the interaction is that given
by Eq. (1a). Since Po does not commute with I„the
general form for an eigenvector If;) of the system is

14;)= P C;„ln', (I=-;),~).
m=8/2

The letter m is the quantum number associated with the
operator I, while 0,

' stands for any other quantum
numbers necessary to specify the nuclear state.

It is easily shown that the eigenvectors associated
with eigenvalues E3 and E~ are

E, -+
I ps) = cosp In', -'„-,')+ sinp ln', —,', —-', ),

&r~ 111r)=»npln', s,s)—cospln' s
—

s&

E,~
I p, )= sinp

I
n', —,', ', ) —co-sp—

I

n', ,', ', ), ——

where

cosp= L1+ (3/(3+~') )'"3"'/~2'

sinp = L1—(3/(3+ r)') )'"$"'/V2 .

The two degenerate eigenvectors for the nuclear ground
state a,re In, ', , s) and In, s, —rs).

Since we are dealing with magnetic-dipole transi-
tions, " the relative absorption probability for a transi-
tion, e.g. , In „,') to 1$-s), is given by (4); that is,

P1.-s= (10 (n, s s IM14-s&l'+ I + (n, s,s IM14-s) I'),

where M is the nuclear magnetic dipole-moment opera-
tor, Since both degenerate ground states are equally
populated and since only energetically different transi-
tions are discriminated, the relative absorption proba-
bilities ps and pt are given by

P =Pk+P :, +P:;+P-:, =2(pk +-P :—,)-
(14)

pt=p1t+p 1,i+p;, i+p 1,—1 2(p;1+p—„r) ~

The reduction of terms in (14) is possible because of the
symmetry in H@. Therefore, the expression for the kth
relative absorption probability (k=3 or 1) is

Ps= 2(l 0 (n s s IMlks) I'+
I
e &n k —s IMI+s) I'

+ I + (n, l, l IM I+s) I'+
I
+.(n s —l I

M I+s) I') (»)

The matrix elements of M may be determined from
the table found in Ref. (10), p. 63. Using these, the
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quantities in Eq. (15) may be shown to be

l8 Mq~l'=R'cos'8l (As+Be)'cos'g
+ (A a—B~)' »n'4 j

l g Mqil'=R'L(As+Be)' sin'P

+ (A s—B~)' cos'pg,

l8 M» «l'=R'4BI, 'sin'8,

I j Ms, il'=0

2R=(:ll~ll 'a&.

Substituting these results into Eq. (15) and utilizing the
definitions of cosp and sinp as given by Eq. (13), one
gets

p3 (8 y) = 2R[4L(3+g&)/3)&&&

+ (3 cos'8 —1+si sin'8 cos2P) ],
Pg(8,y) =2R[4L(3+si')/3J"

—(3 cos'8 —1+g sin'8 cos2$)] .
where

As= —(g6) cosp; Be=92 sinp,

A g= —(Q6) slIlp; Bg= —v2 cosp,

Arbitrarily factoring out 2E, the reducedmatrix element,
Eq. (17) becomes the expression for pe and p& given by
Eq. (8) in the text.
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Secondary-Electron Emission from Molybd. enum Due to Positive and
Negative Ious of Auaospheric Gases

P. MAHAnEvAN, G. D. MAoNUsoN, J. K. LxvToN, ' ~ C. E. CARLsToN

General Dynaraics/Coreoair, Sare Diego, California

(Received 30 June 1965)

Secondary-electron yields from a clean surface of Mo have been measured for H+, H&+, Hl+, H, 0+, 02+,0,02, N+ and N2+ in the kinetic energy range 40 eV to 2 keV. These measurements have been made under
ultrahigh vacuum of order 10 ' Torr. The rate of variation of the electron yield y with kinetic energy of the
incident ion decreases as the ion mass increases, consistently from H+ to 02+. Evidence is presented to show
that kinetic emission is much less affected by monolayer coverage of the surface than potential emissions is.
For clean surfaces, the negative-ion yields represent most closely the kinetic-emission characteristics of the
bombarding particles.

INTRODUCTION

~ LECTRON-EMISSION efficiencies of positive
& ions of the rare gases bombarding a clean metal

surface have been reported in an earlier publication
from this laboratory. ' The present measurements using
atomic and molecular ions of hydrogen, nitrogen, and
oxygen were undertaken to study the potential-energy
dependence of the yields at low energies and the mass
dependence of yields in the kinetic-emission range of
energies. Ke have attempted to arrive at some quali-
tative conclusions regarding the effect of adsorbed gases
on the target surface and the relative effects of gas
coverage on potential and kinetic emission of electrons.

Electron emission due to positive-ion impact for
various ion-target systems has been studied extensively.
Due to impact of negative ions, electron emission can
occur either by the ion releasing its extra electron
into vacuum on impact with the surface or by kinetic
ejection. Massey' suggests that among the reactions

*Now at General Atomic, A Division of General Dynamics
Corporation, San Diego, California.' P. Mahadevan, I. K. Layton, and D. B.Medved, Phys. Rev.
129, 79 (1963).

2 H. S. W. Massey, Negative lans (Cambridge University Press,
Cambridge, England, 1950), p. 89.

leading to the detachment of an electron from a negative
ion, the most effective (in the absence of positive ions)
is surface collision if the work function of the surface is
greatet. than the electron affinity of the negative ion.
In such a case a resonance transition of the extra electron
from the negative ion (to an isoenergetic vacant level
in the metal) is possible. The electron yields for negative
ions were measured for all cases where the ions are
stable. For clean surfaces, these yields represent most
closely the kinetic-emission characteristics of the
bombarding particles. No attempt has been made to
estimate the contribution, if any, to the yield, of re-
Qected negative ions or electrons detached from the
negative ion and released into vacuum.

APPARATUS

The apparatus used for these measurements has been
described in an earlier' publication. The background,
pressure is in the 10 "-Torr range, the lowest so far
recorded being 4g 1.0-"Torr. These low pressures have
been achieved by continuous pumping for about a
month. The operating pressure with source gas Rowing
and with the beam turned on did not exceed 2X l0 '
Torr. The target-and-collector assembly has also been


