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D~ PRODUCTION BY BACKSCATTFRING FROM CLEAN
ALKALI-METAL SUKFACES*

e, . Schneider, K.'H. Berkner, W. G. Graham, R. V. Pyle, and J, W. Stearns
Lawrence Berkeley Laboratory

University of California
Berkeley, California 94720

Abstract

Measurements have been made of the total back—
gcattered D~ ylelds from Cs, Rb, K, Na and Li
surfaces bowbarded with Dyt and Dy in the enerey
range 0.05 to 3.5 keV/nucleon. All measurementy
wvere made at a background pressure legs than 107°
Torr and the alkali-metal surfaces were evaporated
onto a substrate insitu to assure uncontaminated
surfaces. For each target, the D~ yield is at
a maximum (as high as 12X per incident deupteron
for Cs) between 150 and 300 eV/nucleon, and at
any measured energy, theD™ yield decreases from
Cs to Li in the order given above.

Incroduction

Recent experiments have shown that it 1s pos-—
sible todramatically increase negative-icn ylelds
from lon s usces by adding an alkali metal to the
discharge. "’ In H™ sources, the addition of Cs
t> the discharge has resulted in increases of more
thaw an 3order of magnitude in the H-_'; gugrent
density.” Belchenka, Dlmn‘g and Dudnikov~'"*" and
Hiskes, Karo and Gardner® have proposed models
based upan surface production as the principal
mechanism for K~ formation in these sources.
Belcheuko, Dimov and Dudnikov proposed that any
hydrogen atom adsorbed on the surface has a high
probability of residing as a negative ion and
canbe desorbed from the surface as a negative
fonby an {incident energetic particle from the
d{scharge. Furthermore, the addttion of s to the
H™ source produces Cs coverage of the source sur=-
faces; this lovwers the surface work function, en—~
hances the probability of cscape without des~
truction of the negative ion from the surface,
and increases the H~ yleld. Hiskes, Karo and
Gardner have hypothesized that H~ {ona are formed
in the collision ot an energetic (1 to 100 eV)
hydrogen atom with an adsorbed Ca atom. As the
hydrogen atom approaches the Cs atom the inter-
action potential is of the sum of the image uoten-

‘a2l and the difference between the CsH and CsH™
‘wlecular potentials. Thls interaction potential
allows the transfer of an electron from the aub-
strate to the hydrogen atom, which may escape
from the surface as H .

U~ productlon Erom surtaces involves three

processes: the reflection or desotption of the
hydrogen from the surface, the formation of the

negative ion”at the surface, and the egcape without
destruction of the negative ion from the surface. |
In the meghzngsm proposed by Belchenko, Dimov and
Dudnikov, “#7+7 the probability of formation of
the negative ion 1s unity and the probabilities
of desorption and escape without destruction become
the dominant factors findetermining the negative-
ion yield from the surface. In the partial-coverage
model of Hiskes and Karo,’ the probability of de-
struction of the negative ion is shown to be
negligible, so that the probability of formation
of the negarive 1on, along with the probability
of reflection of the incident particle, become
the dominant fsctors in determining the negative~
ion yield Erom the surface.

These models have led to calculations of the
H™ secondary emission coefficlent (the number of
negative ions emitted from the gurface per inci-~
dent _nucleus) by Kishipevskii™ and Hiskes and
Karo’. Kishinevskii has estimated the H™ secondary
emission cvefficient tobe 0.1 to 0.2 for particles
leaving the surface with energles of tens of eV.
Hiskes and Karo have calculated both formation and
escape probabilities for surfaces with a partial
monolayer covarage of Cs and have covhined their
resulcs with those of Oen and Robinson”, who have
used aMonte Carlo technique to calculate the re-—
flected fraction of the incident particles as a
function of incident energy. In this way Hiskes
and Karo predict H™ secondary emission coeffi-
clents of 0.5 to 0.3 over the bﬂckscattsred-energy
range 10 to 100 eV. Hiskes and Karo’ have also
calculated the escape probabilities from some thick
alkali-metal surfaces.

There exist almost fo experimantal measure-
ments for comparisonwith the ahove calculations.
Therefore, we have underiaken the present experi-
ment to measure the total backscattered D~ yields
from low-work-function surfaces. In this experi-
ment, thick alkall metal targets wvere used. Al-
though fractional monolayer coverage would give
even lower work functions, such surfaces arediffi-
cult to produce and to monitor. So, as a first
atep toward investigating surface processes in
H” ion sources, we have measured the backscattered
D~ yields trom thick, clean Cs, RbL, K, Na and Li
surfaces bombarded by 0.05 to 3.5 keV/nucleon
Dz and D3 ‘beams.

*Work done under the auspices of the U. 5, Energy Research aud Development Administration
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Apparatus and Procedure

A beamof Dy and Dyt fonsvas extracted from
a hot filament discharge, accelerated to the de-
sired cnergy, and momentum analyzed with sa '30°
bending magnet before entering the experimental
chamber. The apparatus within the chamber (Fig. 1)
vwas designed around two rettangular plates, per—
pendicular to the beam line; an aperture in the
first plate {the collector) allowed the beam to
pass through to the second plate (the target) from
which D™, b9, D%, &~ aswell as sputtered particles
were emitted. The collector was used to monitor
the ncgzative~ion current, therefore all other
<charged particles had to be preverted fromreaching
or leaving 1ts An electric field tetween the target
and collector plates prevented positive secondary
ions rim reaching the collector and & transverse
magnetic Fleld suppressad secondary electrons.
Also, anupbeamcollimator shielded the collector
from the primary beam. This collimator was the
endplate of 2 Faraday cup (the collimator-Faraday
cup)whichwas used to determine the total current
incident ontc the target: “~he total incident cur-
rent was determined by the difference in current
réadings from the collimator-Faraday cup when the
bear. was deflected into the cup and when it was
ateered through the cup by a pair of upbeam de-
flection plates. The nogative ion secondary emis-
sion cacEficient (NISEC) was determined by tokinp
the rutio of the collector current to the total
incident current and dividing by the number of
deuterons per incident molecular ion.
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Schematic diagramof the apparatus within
the experimental chamler.

Fig. L.

The collimator-Faraday cup, whichwas 2.5 ¢m
in diameter, 4 e¢m long and had a N.15-cm-diam
exit aperture, was 0.C8 cm upbeam from the col-

lector. .

The electric field used to suppress positive
1ons was produced by applyinga negative voltage to
the target. The magnitude of the applied voltape
wan determined by the beam species and energy.
A5 an example, a 5.0-keV bear of D tequired a
target bias of at least =-2.5 kV. Tf;’c target bias
adds - to the incident energy giving a total incident
enarypy of 7.5 keV; L we ass me that the energy is
dividod equally between the three deuterons as
the incident ion breaks np at the surface, then
the naximum energy that a reflected D7 ion can
have is less than 2.5 keV, which is not suffirienr
fcr it toreach the collector plate. This explains
why, inthis experiment, only DZ"'and Dy’ were used
as incident particles. For D¥ the maximum re-
flected energy is always greater than the re:m—din§
voltage, sothat the high-enexgy backscattered 1
ions cannot be prevented from reaching the col-
lector.

The transverse magnetic field used to sup-
press secondary electrons from the target, the
collector and the collimator-Faraday cup was pro-
duced by an electro-magnet with a 6.5-cm gap and
5-tm-diam poles. The suppression of secondary elec—
trons is {lluatrated in F{g. 2, vhere the "apparent”
NISEC is plotted vs the nugnltude of the magnetic
field. At low magnetic fields the signal is domi-
nated by electrons, which arve suppressed as the
magnetic Fleld s increased. For the case H-
lustrated in Fig. 2 (3 keV/nucleor Do, 1Egel =
4.6 kV/em) 650 gauss s sufficleat for campTe:e
electron suppression. Calculations of trajec-
tories for D~ ions eritted from the target show
that all negative ions (even those emitted with
zero energy) reach .he collector Eor all electric
and magnetic fields used in this experiment.

Positive lons produced by backscattered par-
ticles {atoms and negative ions) sttiking the col~
lector could not be suppressed in this experi-
ment. The curreat due to these ions leaving the
collector’ adds to the current from the collected
negative iong and is a possible source of error.
In appendix A we estimate that this effect con-
tributes less than 5% to our NISEC measnrements.

The target and collector plates were 7.3-cm
high, 5-cu wide, .and separated by 1.3 cm; the
collector-plate aperture was 0.25cm in diameter.
To assure that all the negative ions produced at
the target were collected, two separate tests were
performad. The first test was to'vary the effective
width of the collector plate with a series of
electrically isolated masks. The currents col-
lected by the masks and by the collector were
meagured -as a function of collector width. The
ratio of the collector current to the sumof these
currents remained constant at 0.99 for collector
widths down to 3.6 cmand decreased as the collector
width was further'decreaseds The second testwas
to vary the effective diameter of the aperturc
in the collector plate from 0.25 cm to 0.7 c¢m
with another series of electrically isolared masks
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which covered the collector plate. The racic of
the current on the mask to the current on the
collector behind it was measured as a Eunction
of the diameter of the aperture. Extrapalaticn
to zevo dlameter indicated that tha loss of neg-
atlve ions through the 0.25-cm-diameter aperture
was (54 5)% Fromthese tests, vhichwere performed
For incident energies from 0.75 to 3 keV/nueleon
andwith various electric and magnetlc flelds, we
concluded that the dimensions- of the collector
plate were large enough, and the aperture small
enough, to ensure that (95 + 5)X of the pegative
{ons were collected.

tSAES Getters/USA, Buffalo, New York.

Clean alkali-metal targets were deposited
on a substrate in the cryopumped experimental
chamber, which was maintained at a pressure less,
than 1672 Torr during the measurements. AnS.A.E.8.%
alkali-metal dispenser, mounted on & bellows, could
be positioned batween the target and collector
platag to coat the target area. The thlckness
of the alkali-metal layer was determined by the
current through the dispenser (6 to BA) and the
evaporation time. As an example, passing 7.5A
through a Na dlspenser for three mihutes resulted
in che emission of enough Nato form a layer about
15um thick (assuming a Na sticking coefficient
of unity), which 1s the same order of magnitude
as the avesage penetration depth of a 7-keV/aucleon
deuteron.

Surface purity was monitored by mass analysls
of positive and negative ions from the surface.
Az electrostatic-quadrupole mass analyzer, mod-
ified for either positive or negative fons, was
placed in the chamber 50 that it sampled 1ons
leaving the surface at an angle of 50° to the
surface normal. Prior to evaporation, many diffc-
rent mags peaks were observed, indicating extensive
surface contamination; after a thick alkali-metal
target was deposited, the positive-ion spectrum
showed only peaks corresponding to sputtered alkali-
metal target ions and backscattered DY fons, while
thenegative lon mass spectrum showed only a 0~
ion peak.* Thus, not only did we demonstrate the
surface purity,® but also that the only negative
ions froma clean sarface wereD” - i.e. for clean
surfaces, the measurad NISEC is the D™ secondary
emission coefficient. No change in the mass spec-
trum was observed for at leaat one hour after
evaporation, demonstracing that the surface re-
mrined clean for this period of time.

For all except the €s target, the measured
NISEC remained constant for approxtmately one hour
after the evaporstion, then decressed at later
times. This observation is consistent with the
surface purity deduced fraa mass analysic. The
NISEC measuremenc for Cs, on the other hand, de~
creased about 10X wichin about ten minutes after
the evapcration, even though no fopurities were
obeerved by mass analysis. This suggesta that
elther the NISEC for Cs 13 reduced by deuterium
contamination {(by the beam) of the surface or
that small amounts of hydrogen, evolved from the
Cs dispenser, reside upor the target surface and
can be sputtered off as W™ to enhance the apparent
NISEC.* In the latter cage, the drop in the WISEC
after about 10 min could be due to the removal
of the hydregen contamination of the surFace, im~
plying thar the resl NISEC for clean Cs would
be about 10X lower than shown here. Thia anomaly
19 currently undec Lnvestigatiom.

*in the presence of a large mass two peak, Small amounts of mass one .could not be resolved with the

mass analyzer.



Negative ion secondary emission coefficlenf

-4 -

Results and Discussion

Figures 3 to 7 shaw the measured values of the
NISEC for Cs, Rb, K, Nz and Li targets as a function
of the energy of the incident .ons. The estimated
standard uncertalnties (+102) indicated in the
figures are tha result of considering the effects
discussed in the teat (losaes through the collector
aperture and D™ 1ons leaving the tollector) as well
48 the calfbration of the electrometers and re-
producibility of the measurements. For Cs there
way be an additional correction of -10% as prre-
vioysly discussed.
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There are 5ome features warth noting in Figs.
3 through 7:
(a) All the targets show a maximum in the NISEC.

(b} The value of the NISEC decreases in the
order Cs, Rb, K-Nm, and L1 at any incident
energy. -

(c) The higher the maximum value of NISEC, the
lower the incident energy atwhich it occurs.

(d) The BISEC is the sawe for either D,* or D%
tons.

We note rhat the ordering of the alkall metals given

in (b) is according to increasing work Ffunction

and decreasing target mass and atomic number.

To quilitatively understand H™ formation at
surfaces, let us consider the processes described
in the Introduction. For a given exit velocity
tl'e NISEC is the product of a formation probability
(P_) and a survival fraction (f) normalized to the
number of incident nucleii (Nl)‘ Since we are
dealing with backscattered particles there is a
distribution of exit velocities R(v,R}. Thus
NISEC - Nif E_(v, @) £(v,R) R(v,8) dvaR (1)

i
For the following discussion we assume that the
t.. @ are separable, so that

NISEC = Ryf P_ 2)
where
Ry is the total reflection coefficlent

P_ 15 the (averaged) probability of H for-
mation, and

f 1s the (averaged) survival fraction as the
H™ leave the surfoce.

Ocn and Roblason® have shown that their cal-
culated values of Ry Tesult in a fairly universal
cutve for each incident-ijon speciles, independent
of the target, when plotted as a function of the
reduced energy, €. Tiis suggests chat it is
possible to make the Ry torm in expression (2)
target—-independent to permit a comparison of fP_
for the five targets. Initially sowe preliminary
NISEC results for 1.5 to 7.0 keV/ nucleon for
#y* incidene tons on the alkali-metal targets (to
be published) were plotted vs the reduced energy.
While this was not particulsrly enlightening, it
led to the discavery that when the NISEC was plotted
as a functionof e¢/n, (sheren, is the conduction-
electron density of the target) a single curve,
of the form

fThe reduced energy 1s given by dividing the incident energy by the Lindhard energy, Ep.

Aexp {(-a Vt/ne), (3

could be obtained far Cs, Rb, K, and Na, but nat
frr Li. L1 could be fitted with 'the product of
the same function and another function of the form:

l-exp (=8 ¥e/n)) . t4)

We note that n, is proportional to the square
of the plasma frequency of the electrans in the
target and, therefore, may characterize the re-
sponse time of these electrons to the perturbatian
of the incident fon. Furthermore, et is propor-
tional to the square df the velacity of the inci-
dent ion. Thus, V:/ne could be the characteristic
interactiorn length.

Based upon these results, the NISECs for the
alkali-metal targets bombarded with Dy~ and D +
were also plotted vs e/n_, (Fig. 8). As can be
seen from Fig. 8, all the curves can be fitted
{within the experimental uncertainties) with a
Eunction of the form

Aewp (-aVe/nD) [1-yewp(-8 VIn) ), (5)

by adjustingonly y and B. This functional form
implies that at higher values of ¢/n_ these curves
vill coalesce toa dlmple exponential (see (3}] .

The farm (5) of the empirical Eits to the
NISEC curve is characteristic of the exponential-
like dependences of Eormation and destruction
processes involving electron tunneling through
potential barriers. The firat term could describe
the electron tunneling from the surface to the
atom (production). The exponential in the second
expresalon could describe the electron tumneling
Erom the atom back to the surface (destruction};
the aurvival of the negative ion 1§ thus given by
{l-destruction) and has the form of expression (4).

1t is encouraging to note that these Eunc-
tional forms are sh& same as those arrived at
by Hiskes and Karo’ in thelr calculations of the
NISEC. When the empirical survival term {sere the
legend of Fig. B8) for a K surface was compared
with the calcuiacions of the sutvival fraction
for a thick K surface done by Hiskes and Karo,‘ we
found fairly good agreement. We would not expect
exact agreement because thelr results are in terms
of the exit energy and ours are In terms of the
incident energy.

As a further etep toward the understanding
of partial coverage, we have monitored the NISEC
ar a funcecion of the evaporation time for the tar-
gets L1 and Na on a copper subatrate. These re-
sults are shown in Figs. 9 and 10.

2 2/3 2/3,1/¢2
£ = ZlZZe (.“[l + Hz)(Z1 + Z2 ) e
L
ao(O.BBSJ)MZ
where subscript | = projectile particles; subacript 2 =target particles; and a, = Bohr radiua,

{4+ Lindhard, M. Scharf and H. E. Schiott, Mat. Frys. Medd. Dan. Vied. Selsk., 33, No. 14-(1963)].
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Fig. B. NISEC vs :/ne Eor all Eive alkali-metal
targets. ¢ 1s the reduced energy,
Eincldent/EL' (see text) and q, is the

conduction-electron density of the tar-
&ets, normalized to that of Li. The
curves are empirical £i1ts of the data
tothe function A exp(- a Vane) -
exp(-8 ye/n,)]. The dashed turve is
the asymptotic form common to all the
targets: A= 19.24, a =0.85. The values
obtained Eor y and B are: L1 - y = 1,14,
B8 = 0.175; Na - y = l.26, B = 0.88;
K-y =1.18, 8 = 0.85; Rb~ y = 1.45,
8 =1.85; and Ca - y =4.18, 8 = 6.85.

We expect that for thin coverage: of several
monolayera, the reflection coefficient (Ry) 1is
rharacteristic of the gubstrate, while the work
function is characteristic of the thin target ma-
terial. L1 and Na were chosen here because their
Ry 1is much lover than that of theCu substrate. We
believe that even at the shortest evaporation times
we have more than one monolayer coverage, but the
work function of the deposited target material is
nat achieveduntil after a minute or two of depo=
gition time (diffusion of contaminants from the
substrate to the surface?). The initial rise in
NISEC appears to be due to decreasing the work
function while reducing Ry only a small amount.
The subsequent decline over longer deposition
times (thicker coatimgs) we, attribute co the lawer
Ry ¢t the deposited target materials.

In the case of Na on Cu, the peak value of
the NISEC is a Eactor of four higher than for a
thick Na target, while for Li the difference 18
an nrder of magnitude. No results are yet available
for thin Cs coverage on various substrates, but
fnvestigations are currently being carried out
using thin coverage of ail the alkalf metals and
also usingH,” and Hy¥ incident on thick and thin
alkaii-mecal surfaces.
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Appendix A

D° atoms and D™ ions may backscatter from the
collector plate asD’ fons and return to the tar-
get, piving an apparent NISEC larger than the true
value:

BF

o y p
Apparent NISEC = NISEC +

incident nuclei/sec/cm2

vhere g _ 5o and DT flux to collector plate
Erom target

F_ = Eraction of incident D? and D~ which
P are reflected as DY,

To estimate an upper bound in the difference be-
tween apparent NISEC and NISEC, we need values for
@ and F_. § isbetween 10%and 50X of the incident
fiux to'the :labrge:. From the results of Meischner
and Verbeek we finfer that F  1is very small
(< a for percent) for the ererdles nsed tn this
experfment. To get a quantitative number, we
wade amass analysis of positive and negative fons
leaving an untreated Mo target. The ratlo of D~
to b* leaving the Mo target at 70° to the normal
1s observed to be > 10. The total D~ yield from
the Mo target Jas 1Z ol the iuncident current,
so the total D¥ yield is approximately 0.1%.

Untreated Mo and untreated stainless steel
(the collector material) shouild have very similar
properties in terms of reflected charge frac-
tlons; let us assume that they are the same. With
Fp a 0.001, che obhserved NISEC is given by:

0.50

Observed NISEC = NISEC + {0.10 x 0.001

0.0005}
= NISEC + {0.0001

Since the values of the NISEC are of the order
of C.0l - 0.1 for the alkall targets, the errors
introduced in the NISEC measurements by b emission
Eron: the collector plate are estimated tu be less
than 5%.
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