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ABSTRACT
Charge-state fractions and‘yields of highly_excited deuterium
atoms pfoduced by electron capture when 8—vto 100 keV deuterons emefge
from C, Mg, Nb, and Au surfaoes depoeited on thin carbon foils under
high vacuum-conditions are reported. Atoms with principal quantum
number n = 6 were detected with an optical teohnique;_atoms in'the
leVels'n,z 12 to 18 were detected by donizing them in a strong electric
field. Chanées with time after evaporation, presumably due to con-
tamination of the surfaces, were observed. The experimental results
are'eompared with available theoretical estimetes.' Solid and vapor

targets are compared for Mg.
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SR I. INTRODUCTION

A'large amoun£ 6f experimental and theoretical work on chargé
trahsfer in'gases and vapors has beeﬁ réported ih the literature. Ve;y
little quantitative data is available éoncerning électron Caifure byv
ﬁydrogen ions at solid surfaces, although a great deal of béam-f@il
iéteractioﬁ Work concerﬁed ﬁith_épect%oséopy and other aspects éf
atomic phyéics is currently being publiéhed.lv N

Tn ‘the pfesent work we reﬁort measureﬁents.of the eharge fraétiqns
‘and excited-atom poﬁulations of 8- to IOO—keV'deuterium beams emerging
from'freshly/aéposited_solid films.  The work of:releVance to the
.present‘paﬁer‘probably started with the'experiments 6f Phillips,g-who
measufed charge-statevfractions of thé beam issﬁing from a foil freshly
coafed*with various materials under moderately good vacuum conditions

(approximateiy 10_6 Torr); Phillips showéd that thé fractions in -

various charge staﬁe$ changed with ﬁime after the.material wa.s depositéd,
all matefials evéntuélly giVing ébout thé same fractioné, pfésumably

3

dué*to‘surfacé cdntamination.‘ in l96ﬁ, Sweetman et al. 'measﬁred the
excited-state yield df 20- to 100-keV Ho atoms in.the level n = 11 from
a carbonvfoil,‘énd.found that it ekceeded the yield'from a hydrogen gas
target. It was this févorable yield'of excited-state‘atoms that pro-
vided #he motivation_for the present study of foilé as a charge4éxéhange
.medium. | f

The purpose of.fhe present expefiment was to répéat Phillips‘
charge-fraction meésufementé under better vacuum conditions and to

simultaneously measure the yield of excited states in the neutral

componént, Since Phillipé showed that only the exit surface of a foil



e
P
LYY
L
r
o
=
-
Koo
R
Sy,
-
ﬁb’ *

is important for electron capture, we used thin carbon foils as sub-
strates and evaporated the materials to be studied on the exit surface

under high vacuum conditions (< 10_8 Torr).

II. THEORETICAL BACKGROUND

7 In the energy range of interest here, electron capture by.prd-
téns colliding with singlé atoms has been descfibea fairly well by
theoretical freatments that give both the total cabture cross sections
and partial cross sections for captufe into any substate. This is most
stréightforward for collisions with hydrogeh atoms, but experience has
shown fhaﬁ cﬁlculatibns, based on: the first Born appfoximation, éan be
adjuSted by empirically based recipes to yileld good results for colli-
sions with any atom.u Much of this work, with emphasis on capture into
highly éxcited states, ﬁas been carriediout by ﬁiskes.s

The.fhéoretical’situation is much worse forbthe case of electronv

capture from condensed materials, perhaps because of the greater 4if-
ficulﬁy of déscribing the interactiqn of the pfoton with'a lattice
rather than with a single atom; and perhaps because of the paucity of
experimental results for comparison with predictioﬁs. 0f the papers

that have been published on this topic in recent times,6—lo

6-8

give semi-quantitative results.

oniy three

In the first paper, Yavlinskii, Trubnikov, and Elesin6 have cal- -
.éulated‘the recombination that takes plééé at'the surface of a metal
foil (Deﬁye shielding is assﬁmed to’prevent capture in fhé-interior of
thé metal), treating the capture in the electron gas at the surface as

a recombination process. The calculation was carried out in the two
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limits that the proton epeed,_vp, is much iarger than-or much emaller~
than the speed, VO,.of eﬁ electron at ﬁhe Fermi surface. Iﬁ terms of
the'cenduction electron density within the metal, n, (cm-B), and the
kinetic'energy of_?he proton,.-_Ep (kev), they fodnd fhatvthe‘fraction

of the total beam emerging as protons is given in the two limits by

F 156 1/2 n %1/6_

vy K vy F' = exp | - gg) s (1)
' E 10
L\ 5
-
N 6.5 [ ng \1/27. : .
o >> vy F o= exp |~ —|—55 vJ . (2)
Ep 107

' The'exPerimenfs'reported to date fall approximately in the range
1<v /v < 10. .If we neglect-the-formatioh of negative iens, Wevsee-

from the -above . expre531ons that the neutral fractlon, =1 - Ff,‘

S0
is predicted'to be approximately unity at low energies, in agreement
w1th experlment and to drop off at hlgh energy as l/E B whlch is
much slower than is observed experlmentally 2

In a later paper,.Trubnikov and Yavlinskii considered the case
of tunnel recombination near the surface of a metal foil.7 The
calculation was again carried out in twovlimits:J‘The "fixed ion
approximation",(essentially the assumption.thet vp <<,v ) yields the
result that almost all of the neutral atoms are produced in the n =_2'

and n-=‘5 levels. U51ng time- dependent perturbatlon theory, they also
0
l 2

calcﬁlated the neutral fraetion.produced in the ground state, F
and showed (for the spherically symmetric £ =0 states) that the

neutral fraction of the total beam in the excited level n is



Fno ; Flo/n3 for vp >> Vor The results'of the latter calculation ehou
that tne neutral yield'snould decrease‘approxinately as'Ep_u for
energies above approximately 200 keV.
In nrinciple, Both processes deeoribea'in Refs. 6 and_? can be
taking place. It will be seen later that_neither'process can,.by
itself,'explain the experimental results,.‘We alsovshall see that
whereas a'large change in the density of>conduction electrons has a
large effect on the predictions'ofbthe above theories, the experimental dif-
ferences:'in the neutral fraction from, sayé gold (no ~ 6 x 1022) and

carbon (nO ~ 3 x 1018,)ll

are minor. Therefore, some other mechaniem
must be operative in the case of semi-metals or insulators, andvmaj '
also dominate the capture process in métalsQl

Recently, McLelland8 has proposed a model that is applicabie only |
when the conduction-electron density is low, as in semi-metals and
insulators: Within'the material, abfast proton producee'a shower of
positiverenergy electrons, some of whicn have velodities close to that
of the proton and thus are candidates for possible capture. As these
are free eiectrons, an interaction via.the lattice'potential is re-
quired for the capture process to take place. After making plausible
choices of the free electron yleld and energy-dlstrlbutlon functlon,
McLelland calculated capture probabjlltles for a carbon target that
are in order-of-magnltude agreement with experiment. The numerous
assumptions required to obtain quantitative results-limit the useful-
ness of these calculatlons, however, the general features of the model

can be tested by comparlng the calculated and experlmental energy

dependence. These calculations were carried out for proton energies
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above 20 keV, and included a n™” distribution over excited states.

There is, of course, the approach'introduced by Bohr and Lindhard,

12,10 In this

considering a solid as a thick target of isolated atoms.
spirit we will compare equilibrium fractions ffom nblid and_gaseous
mégnesinm targets in Sec. IV.
| IIT. APPARATUS AND PROCEﬁURE

A beam of deuterium ions from an.eléctrostatic accelerator was
momentum analyzed éndzentered the charge exchange and analysis chaﬁber
(Fig. i)} After collimation to a diameter of 1.57 mm; the beam, typi-
cally l'uA, péssed through a H-mm-diam self-supporting target foil.

., The beam that emerged from fhe foil nonsisted of pésitiveAand
'negétive_déutérium.ions'and neutfal atoms in>Varions statesbof excita-
tion. The two qharged states were‘séparated by eiectroétatic deflection
and étopped in 2.25?¢m-diam magnefically-guarded'Faraday'cups{ The
neutrai cqmpnnent was detected by measuring the power of a 2.25;cm—diam:
pyroelectric detector,_l3 -
power were.small,vby neasuring the current from a 2.25-cm-diam surface-
barrier solid—state.detectOr that‘was-opéraﬁed as'an ion chamber. In
either case, the neutral detectors were calibréted by switching the
beam défiection”vbltage off, therébynputtingithe known charged com-
ponenténinto'the neutrél‘détector; vfhenoutputs,of.thé various
detectors were amplified and integrated. A bolck diagram of the
géneral electronic circuitry is shown in Fig. 2. A caiibration of

the detectors and measurement of the fractions in various charge

states required about 30 sec, a time very'much_shorter than any

or, at the lowest energies where the current and

3
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obsérved tiﬁe constant associated with contamination of fhe foil
surfaces. - |

The energy of the deuterons emerging from the foil was andlyzed
by electrostatiC’deflection into a Faraday éup masked by a plate with
a 3-mm-wide slit.

Two_methods were used td determine the fractions of the néutral
beam that emerged in highly excited levels. The first was an optical
method that had previously been used to determine yields from chargé':
exchange in a magnesium vapor target and gave ihformation about. the
po?ﬁlation of the n = 6 lével.lu The éecond was electric-fiéld
ionizatibn of atoms in highly excited levels'” (12 < ﬁ < 18). These
tWo methods will be described in gréater detail further 6n in this
section. | . |

The target foil consisted of a 6<mm-diam, 5- to lO-ug/cm2 carbon-
foil subStrate.l6 The energy loss in the substréte wés usually 2 to
5 keV. The presence df deuterbns whose energy had-ﬁot been degfaded
by this amount was an ipdication fhat there were pinholes in the sub-
strate. If this occurred, the foil was moved until the fraction_of
primary energy deuterous was_less‘than 10-4.

Fresh material could be evaporated onto the substfate whilé the
targét’chamber was maintained at high vacuum. To accomplish this, an-
electron-gun (e-gun) evaporator imit vas mounted in & separately
pumped vacuum chambér which was connectea to the target chamber by
means‘of an electrically operated valve. This valve, which was nor-
mally closed, was used as a shutter to control the amounf of material

deposited on the foil. The procedure was to. outgas the material in the



evaborator and open the sﬁutter to.expose the foil while‘the Beam was
passing through it. When enough material had beeh deposited to degrade
the energy of thevemerging beam by several hundred eV, the shutfer wa.s
closed and the charge'fractiohs were measured. This procedure was
repeated until the measured charge fractions no longer changed; this
usually,océurred after an energy loss of about 2'keV. Once equilibrium
was attained a cOmpiete set of measurements was taken.

_Every attempt was made to achieve a clean high‘vacuqu Metal
gaskets'were used everywhere except in three valves which had Viton
O-rings. The chamber was‘baked with a quartz laﬁp mbunted inside the

vacuum system. The system was roughed out with Né aspirators and

sorption pumps, routinely maintained at low pressures (~ 5 x 10-8 Torr)

by a VacIon pump, and durlng measurements 1nvolv1ng evaporatlon was
maintained at 2 x 10 -9 Torr by a liquid-helium cryopump. When the
shutter was opened, the pressure usually rose to as much as 3 x-lO_8
Torr, but quickly pumped down again as soon as the shutter was élosed.

Two Ti-getter pumps in the béaﬁ line and a small‘aﬁertﬁre (A in
Fig; l) isolated thé_high-vacuum éhamber from the relatively high-
pressure (lO_5 to 10-6 Torr) accelerator section. The foil substrates
were introduced_thrbugh a vacuum lock .so that foils could be changed
without bringing the entire system up to air.

In the optical method of detecting excited atoms, singié rhotons
from thé 4101-£ transition (BalmerkHS) from the n = 6'ievél were
counted. At first a monoéhroméﬁor was used to*selecf the proper :

spectral line, but during most of the experimenf we used a bandpass

filter. To maximize the light focused on the photomultiplier, the

i ¢ e mem e m m amemeam sb
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first lens of the system.was in-a re-entrant cavity in the anal&sis'
chamber, 5 cm from the beam line. An EMI type 62568 photomultiplier,
cooled to —EOOC_to eliminate background'noise, was used to detect the
photbnsf

The thical detection efficiency was measﬁfed each time the foil
or energy was changed,»and aftér eachbevaporationQ_ This was accom;
prlished by introducing nitrogen at four gas pressﬁres from 2 to 9
pTorr info the analysis chamber and counting photons from the Né+
tfansition_with the band head at‘5914 B [O-O_band of the first negative
band system of.l\]‘2+ (BQZu-XEZg)], for which the yields produced by
either proton or hydrogen-atom impact have.been'measured by several
groupé (see Appendix A). The pressure was measuredvﬁith an ionizatioh
gauge.which wag calibrated with a Bafoéel capacitance manometer in thg

p)

10_4- to 10" ’-Torr range. Following é;scan with a monochromator to

determine the band intensity as a function of wavelength, the light
from this transition was selecﬁed with a second bandpass filter. The.

relative transmission of the filters, windoWs, and lenses for the HS'

line and the N2+ band, measured independently, was used to obtain the

optical efficiency at 4101 E. The transmission measurements were con-
firmed by comparing ratios of H5 and 0-0 band Né+ countsvmade simul-
taneously with the monochrometor and filters. (In the process, wé-

showed, by scanning the 0-0 band with a narrow slit, that > 95% of

the Né+vlight was passed by the slit used in the experimenté. The

‘difference in photon counting efficiencies, using the monochromator

at the hydrogen and nitrogen wavelengths, was estimated to be 5%),ln

'The technique for obtaining the yield of atoms in the n = 6



level from the measured countingirates-is essentially the same as
described in Ref. 1k; however) additional information about the nitro-
gen excitation cross sections has beéome.available.and is included
hére. The way that these data are combined, thélmethod of reducing
data, and a brief déscription of errof estimatés,are'givenIin'Appendix
A. Additional information can bé obtained from Ref. 14, The main .
sources of uncertéinty in this méthod are the unknown popuiation‘dis-
tribution of the substates of n = 6 (wve assume a statistical distri-

bution herel7) and the nitrogen excitation croSs‘section. our estimate

of the latter is about #30% (see Appendix A); the total absolute standard

error is estimated to be about +40%. HoWever{ the relative standard
-errors, based on repeatability, are estimated'ﬁo be\afproximately +15%.

The polarization of the light from hydrogen decays -and nitrogen
excitation was checked and found td be émall, less than 4% for 25- to
60-keV deuterons. (We have found previously thatvthe polarization of
the HS radiatidn from electron Eéﬁturé iﬁ_magnesium vapor'targets is
.also ﬁégligible.lu)

The excited-state measurements made_With_the éieqtric-field—
ionization technique were carried out with a high-voltage gap made of
“three 22-mm-diam, 8 line/cm, 96% tranéparenf, tungsten mesh grids

spaced 3 mm apart on the entrance side and 8 mm apart on the exit side.

The pyroelectrié detectof,-which in this case served as a magnetically

shielded Faraday cup, was used to_detect‘the ions produced in the gap.

The center grid could be operated-at'voltages up to %15 kV, which is o

enought to ionize part of the n = 11 level. For ‘convenience, the

maximum voltage was usually 9 kV, sufficient to ilonize most of the
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n = 12 level. The minimum useful voltage, and therefore the maximum
measﬁrable n level, was set by the elect?ic field between the béam
deflectionbplates, which varied with energy. Most of the results
guoted later are for n values approximatelybbétween 12 and 18.

A plot of the ion current vs the square rooﬁ ofvthe gap voltage -
was made on an X;Y recorder. As describéd iﬁ.Appendix B, the slope of
the line obtained in this way is approximately proﬁortional to the
excited-stéte yield, and the absolute yiéld can be obtained from know-.
ledge of the lifetimes éf atoms ih‘the electric field and absolute
vaiueé'of the field strengfh. The method of data analysis and uncer-
téinty estimatidn is outlined_in Appendix B. Stéﬁdard errors based on
reproducibility_are estimated td be about ilS%. The absolute-sﬁandard
error fo be.éésigned fo the meashreménfs obtéined with this technique
is difficult toiassess, because of our lack of knowledge aﬁout the
n-dependence §f the#populatidn of the %evels at low ehergies_(Appendik
B). Our estimate is *30%. . o |

IV. RESULTS

The eXperimental results are presented in two ways: graphs for
carbon and magnesium, in order that the.typical scattér in individual
?oints and the comparison.améhg varioué eXperiments will be appafent;
and tabﬁiations for ali of the materials at several energies, dbtéined
from smooth lines drawn thrbugh the expérimental points. When material
was evaporated onto the substrafe, the results characteristic of that,
matérial were obtainea. No appreciable temporal variations of‘either

charge or excited-atom fractions occurred after evaporation under
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normal data-collection conditions (~ 2 x 10 ° Torr). However, at a
higher pfessure, 1 x 10'8 Torr,:temporal variations could be measﬁfed
easily fof low ion enefgies. By far'the largest change occurred with
a Mg‘surfaée. As an.example, for deutefons with anlexit energy.of 8
kev; the excited-atom fractibn increésed at a rate of about 3%/minute
foilowing»the evaporation, and the F fraction decreased at & sdmewhat
slower rate (presumably due to contamination of the foil Surface).v In

9

time (sometimeS’several hours at 2 x 10 Torr) all surfaces acquired
the charactériétics of a carbon foil prior to'evaporation (a "dirty”_

carbon foil).

A. Total Neutral Fraction

Tﬁe méasurgd totalv(all n-values) yields of neutral deuterium
atoms exiting from "dirty” Cvand fresh Mg surfaces ére shown in Figs.
3 énd k; Table I contains the yields for all targets. Our estimated
standard error in these measurementé}is +5%. The "dirty" surface
results ére seen to be in reasonable agréement with the earlier measure-
ments by Phillips;2 Wax and Bernstein,l8 and Berfy et al.l9

Wé could détect no significant difference in the neutral fraction.
between "dirty" or freshly evaporated carbon film. Gold is the only
other méterial for which a comparison with a previous measurement (by
Phillips)'is rossible; thése_results also agree within thevestimatedv
uncertainties. '

Also shown in Fig. 4 are the thick-target Mg vapor results of

20 '

Moses and Futch.

B. Negative Fraction

The fraction of the incident beam that emerges as D ions is shown

| : : L . o I
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for carbon and magnesium surfaces in Figs. 5 and 6. Averaged values
for all.of the materiale are given in TaEle I. There is a small
difference betweenvyields from “clean” and "dirty" carbon surfaces
below 4O keV. The "dirty" carbon data are in general agreement ﬁith
the earlier dafa of Phillipe. The curves for Nb and Au (not shown
grephicaily) are very much like the carbon data, the_yields from all
of these'being much smaller than frdm Mg at energies below about
30 keV.' our estimated standard error of these measurements is *10%.
Qur gold data agree very ﬁell with those of Ehillips at energies'of
50 keV and higher, but are about 30% lewer than Phillips' data at
lower energies, Also shown in Fig. 6 are the tﬁick-target Mg XEQEE-
20 ’

results of Moses and Futch.

C. Excited-Atom Fraction

The basic assumption in the analysis of the electric-field-ioniza-
tion data is that the.excited-atom population h'a.s-an‘n-3 dependence on
the principal quantum number (see Appendix B). The excited-atom results

>

are therefore presented in the form n Fﬁ) wherevFﬁ is the ratio of the
number of atoms in the principal quantum level n to fhe total number
of particlee in the beam (charged and neutral). .In this presentation
one canvreadily compare our optical measurements for the n = 6'level,
our field-ionization measurements for the levels n=~ 12 to 18, and the

3

field~ionization measurements of Sweetman et al.” for n = 11. The
results are presented graphically-fOr "@irty" C and fresh Mg surfaces
- in Pigs. 7 and 8. For a comparison of the different foil°matefiels

we present the field-ionization results in Table IT.

As discussed in the apprendices, the standard errors are estimated
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to be about *40% for the optical measurements and +30% for the field-
ionization measurements. Only the relative standard errors, based on
reproducibility, are shown in Figs. 7 and 8.

Aiso shown in Fig. 8 are the field-ionization results (n =~ 9 to

21

15) for Mg vapor reported by Il'in et al.

V. DISCUSSION AND CONCLUSIONS

A. The Neutral Fraction, 7o

‘Where our data overlap, they aré in good agreement with those of
Phillips;2 our measufements were made at pressuresvseveral orders of
magnitude lower than his.

Measured neutral yields from solid Mg andbAu surfaces are éhown
in Fig; 9, togéther with theoretical predictions'froﬁ Refs. 6 and T
(negatiVé ion formation is neglected). The calculated results, using
the various theoretiéal approximations, bracket the experimehfal data
and could be'cémbined empiricaily to approximate the.experimental curves.

| The experimental neutral'yield from carbon is not véry different
from_the_metaliic yields (see Table I). Sincé carbon has a much lower
free-electron density than'the metals, the models. of Réfs. 5 and 6 can-
not be applicable. As mentioned in Se¢é. II, thé,pérameters in McLellaﬁd's
electron-shower model for carb0n8 can be adjuéted to give approximate
agreement with experiment in the proton energy range from about éO to
T0O keV. However, it seems premature to consider_this as verification of
the correctness of the model.

In Fig. 4 we inclﬁded,_for comparison with the resﬁlts for a

solid Mg target, and experimental curve of FO vs energy for a thick .

¢
I

N o . ) o ) : ) Il B |
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magnesium-vapor target. One sees £hat the data from the two types of
target are_quite different. Nevertheless, in the energy range of the
present experiment it is.a fair working approximation to treat the »
solid targets as if they.wefe thick gas targefs. Discussion of some

of the differences observed and expeéted for targets in the different

phases, as related to stopping'power, can be found in the literature.22

B. Negative Fraction, F_

Qur resulfs fer F are in éood agreement with the measurements of
?hillipsg for the two materials (Au and ”dirty”'eurfaces) common to
both_exberiments. We‘are not aware of any theeretical estimates with
which to eompare,our results. |

'Thefe is little difference in the negative'fraCtiohs produced
from C, NB, Au, or "dirty" surfaceeefor the energy range eovered in
this e#periment (see TablefI). Mg; however, produees a significantly
larger fraction of .D beld% 50 keV. Vapor targets of low-ionization-

potential materials (such as alkali or alkali-earth metals) are known

to yield relatively large fracfions>of negative ions at low energies.23
From Fig. 6 we see that F  from a Mg surface exceeds that from a thick
Mg-vaﬁor target. |

C. Excited-Atom Fractions

As the data in Figs. 7 and 8 indieate, both for "dirty" C and
fresh Mg surfaces;fhe excited-atom fraetions-obﬁained‘with;the eptical
method exceed the fieldeionization results. The differeﬁce'in the
results of the two methods is more pronounced for Mg, 5ut even‘in this
case the fractions agree within the estimated stendard'errors (£k0%

for optical and #30% for field ionizationm).
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Since the optical results are for the levei n = 6 and those from
field-ionization are for n~ 12 to 18, the general'agreement of the
measurements supports our assumption of an n-5 sééling law for the
‘populafion of the level n.  The theories of both Mci;elland8 and

7 predict this n-5

Trubnikov and Yavlinskii depéndehée at high energies;
however, there is no quantitative agreement between either of these
calculatioﬁs and the experimental results.

As was the case for FO and F_, the energy dependence of the
éxcited-atom fraction from solid Mg ié quite différent'from that pro-
duced in a Mg-vapor target. _Thisvis demonstrated in Fig. 8, where we
have indicated thé field-ionization (n ~ 9'fQ 15) results of Il'in et
al.%t for both the equilibrium (thick-targét)‘yieid and the optimum
yield, which occurs at a'lower target thickness. |

| For clean surfaces the excited—atém fractions exhibit a decrease
both at the high- and'low-energy end of our energy range. The frac-
tion produced in "dirty" carbon, on the other hand, continues to
increase with decreasihg energy.
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APPENDICES

A. Analysis of the Optical Data

Neutral atoms.emerging from fhe foilvtravél 1.28 cm before enter-
ing a regidn 1.5 cm léﬁg (along the beamvline) ﬁhat.is imaged on the
»photomultiplief cathode. Some of the déuterium atoms that emerge from
the foil invthevn =6 levei decay before they réach.the region of
observatibn, éome.of the reﬁainder deca& within the 1l.5-cm region of
observation. We can assume that repopulation from higher levels cas-
cading is negligible (see Ref. 14). Only those étoms in the 6s, 6p?
and 6d states make the 4101-8 fransitions that are recordéd. To deduce
the number of n = 6 atoms leaving the foil, we must ﬁake aésumptidns
about the initial population distfibution of angulaf moméntum states,
.calculate the transition rdtes for the Narious states, and calibrate
the overall'opmical‘efficiency'of the ;ystem. Then from the bbservedi
photon counts, we calculate,the‘number of atoms that were‘originallyv
in the 6s, 6p, and 6d states; to these must be added the inferred
numbef of atoms that were created in higher angular momentum states of
the n- 6 level. If we assumevthat the states 6f the n = 6 level

17

initially have a statistical (24 + 1) distribution, we obtain the

following expression for N(DS)’ the measured number of photons per

incident beam particle:

1(5,) - 1 Z I8 o [+ son]

%%—S-EZ {l _ exp [ ...v-lsz‘.(ﬁ@)]} ’
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where N6O,is the fraction of the total incident beam that is in the

level n = 6 at the exit of the foil, x, is the diétance from the foil

1

to the observation region, x,. is the'length of the observation region,

2
v is the speed of the atoms, and A(6£) = E: A(64 > n's') is the
_ . £'n! : S
transition probability for going to all possible states. Using the

decay data in Table II'of-Ref..lh, we obtain
Ng = N(DS) x 10° x (1L6.8E'l/2 - 25.7E—;)-;€_l,

vwheré e_ié the efficiency for detectingba'thl—R photon emitted in the
observation region, and E is the deuteron energy in keV.

In the work of Ref. 14 it was éufficient ﬁo determine the optical
efficiency'at oné enérgy. _Iﬁ fhe'present experiment, however, therev
was conéidérable angular scattering of the beam byvfhe foil, which
depended on the hbeam energy, foil materiél, and foil thickness. This
meant that whereas the photomultiplier, which viéwed the beam near the

exit of the foil, received light frdm the entire beam, the charge

detectors received only that part of the beam that rassed through the

collimator D (Fig. l). Consequentiy, the b;mical efficiency in this
experiment is the number of detected photons per detected particle.
The efficiency was determined for each measurement. As described in

Sec. III, the method of obtaining e is straightforward and the result

contains no large uncertdinties other than those in the cross sections .

for excitation of the calibration band at 3914 X by deuterons and
deuterium‘atoms invNé gas. (In the absence of any othef information,
we assume that the few negative deuterium ions have the same excita-

. . + . ’ .
tion cross sections as D' ions.) Measurements of these cross sections

i
| I
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reported during the past 12 years2 are shown in Figs;.lo.and 11

for incident protons and hydrogen atoms, respectively. (It has been
shown by Thomas et al. that hydrogen cross seqtions are the same as -
for deutérons of twice the energy.28) OyérlaYing.the curves in Fig}
10 shows ﬁhat all but one havé the same Shape;'which we show in our
average cufve K. The position of this average curve was determined by
vobtainihg a weighfed geometricbmeén of thé oﬁhér'datavat 60 keV (curve
H waé ﬁot used in the average). These data points were weighted as
-the inverse square of the percentage errors quoted by the original |
authors. fhis gives an uncertainty'in fhe ﬁ+ cross section of +29%
for a:68% confidence interval.

To obtain thévemission crdss section for HO iﬁpact we deduced an
average energy dependence-by‘OVerlaying the curves in Fig. 11. Since
we kﬁow»of only two'absolute'ﬁeésurements in this case, the following’
procedure was used tb detefmine the magnitude of the cross section:

We used the average value calculéted for HY impact and related it to
vHO impact by dividing it by the ratio of the 60-keV cross.sectiOné for
the three groups who published data for both processes at this energy-.
~This avefage ratio was 1.52, so the average curve for HO impact is
normalized to 2.49 x 107" cmz/molecule' at 60 keV.

The uncertainty in the H' cross section, using a 68% confidence
interval, is 129%. To obtain the uncertainty in the HO cross section,
one folds into this the uncéftainty’in the raﬁio of cross sections’

(+13%) and obtains £31%.
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B. Analysis of the Electric-Gap Data
A review of the technique of field ionization to measure the
population of excited levels of hydrogen atoms can be found in Ref. 15.

BM to

In the pfesent experiment we used the method of Il'in et al.
analyze the field-idnized»protpn current: The electric field required
to déstroy én excited level n, from the Bohr model of the atom, is
E = bh-u, and the population of highly excited states,from Born-

. _ 5

approximation calculations of electron capture, is given by anf .

Il'in et al. showed that these relations lead to an expression for the

fractionvof the atom beam which is field ioniZed:

a«/E . - ’
I(E) = e - - (B1)

where E is the applied electric field. Thus, by'plotting T vs /ﬁ,
the éonstant a, which characterizes the excited-state yield, can be
obtained from the slope.

35

From the calculations of Bailey, Hiékés, and Riviere”” we find

that for a statistical distribution of substates and an ionization

10

time of 3 x 10~ sec (a typical time-of-flight through our gap),

-3.82 kV/cm. It can be shown that for'our range of

E, =-(&.§ X 105)n
n there will be only a few percenf difference;in the results if we fit
this to the classical expression E, = bn—u, with b = 6.8 x 10° kV/cm.
(Il'in et al. used a value b = 6.2 x 10° kV/cm, which they. deduced

from their differential measurements.) Thus Eq. (Bl) can be expressed

as -

I(E) = 6.1 x :Lo'LF aw/E(kV7cm5 . o (B2)



i
3
N,
-
R
£
el
o
.

o
o
2)
N 7
"

01~

We used this expressioh to determiﬂe Cls

To utilize Eq. (B2), we must relate the potential applied to the
gap to the electric‘fieid; Since we use grids; the;electric field in
the gap is not uniform; heﬁce we determined an equivalent electric
field; E = ¢V, as follows. The ion current produced‘in the gap ex-
hibited a threshold behavioi because the electric field in the deflec-
tion plate region preionized the véry highly excited states; theféfore
no field ioﬁizatibn occurréd in the gap until the electric field there
excéeded'the deflection electric field. From this threshold we could
relate'the’equivalent electric field in the gap to the electric field
betweeh‘the deflection plates, which was obtained from potential pro-
files in an électrolytic tank. In this way we determined that
c=L4.8 + 0.7 em” T, . ‘

‘ Thé estimated uncertainty in‘the values’of o obtained in this vay
is made.up of a random part, based on:internalvconsistency; for which.
we esﬁimaée'a 68% confidence intérval of 115%, and a possible syste-
matic errof that ehters_through the éonstants'b and c.. By cémparing
our chbice of b with thét of.Il'in et al. we assign it an uncertainty
of ils%. Since both b and c appear in Eq. (B2) as square roots, the
-~ total systematic error in ¢ due to these‘consfanfs is i9%.'

There is an additional unéertainty due to the assumptions in-
~volved iﬁ the model. ‘As previously mentioned, in this ahélysis we

3

assume‘that the populafions of various quantum levels Vary as n ~.

5 show that the

Hiskes' calculations for charge exchange in gases
exponent may be closer to.-M'than 45 at low energies. We do not know

whether this change in n-dependence also occurs for electron capture
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in foils. To get an indication of how a change in n-dependence would

affect our results, we considered three different fuhctions for the

population: n_5, n—3'5, and n_u. For these the analysis leading to

Eq. (Bl) yields the following dependences on the gap voltage: Vo's,

V0.625 0.75

,and V- . An investigation of our gap data shows that we can:

get an equally good fit for all three exponents over our voltage range.
1/2 _ S 0.75

(Onan I vs V plot the deviation from linearity for the V case

is so slight that it might not be recognized from the data.) If we .

then use the different values obtained for o to evaluate the population

of n = 6, the results are in the ratio of 1:0.67:0.k4k.
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Table I. Charge fractions for deuterium beams emerging from various surfaces. The estimated
standard errors are 5% for FO and *10% for F . The entries were obtained from smooth curves

drawn through the data, as .in Figs. 3 to 6.

EXit energy "Dirﬁy” C A C Mg Nb , Au

(kev) 7O P 7o ¥ © B F FO P
8 0.8+ 0.038 0.80. 0.024 0.83  0.120 | .-o.9o 0.03% - B '0.028].O
16 0.75 o.oz& 0.76 = 0.0185 0.82 0.090 0.85 | 0.030 S } 0.927? ‘
30 0.6+ 0.016 0.67.. 0.01k0 o.78' 0.035 0.73 0;015 ;--' | 0.020° E?
50 ~0.55  0.0112 ‘_ 0.56 0.0105 ~0.65 '_0.01u3 | 0,55' -0.0067 0.67 = 0.0120
70 0.50 0.0081 0.50 0.0081 | 0.53 0.0080 Q.huj. 0.0046 0.59 0.0076

100 0.4k3  0.0053 0.4k~ 0.0053 - 0.38  0.0042 . 0.38 '0.0030  0.ko © 0.0037

Rl s g

a ' : , o o S . v
The large angular scattering in Au at low energies resulted in.such‘low slgnals that no reliable FO

measurements were obtained.

b : ) : » '
Derived from measured D+_and D currents and FO from Phillips {Ref. 2).
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Table II.‘ Excited-atom ylelds, expressed &s the‘pfdduct of n3

and Fﬁ
(the fraction of the totai beam in the level n), for deuterium beams
. emerging from various surfaces. These results aré obtained using
electric-~field ionization of leVelé n~ 12 to 18. The relative
standard.errors,.based on reproducibility, are *1% egcept at 8 kev,

where they are *30%. The standard errors in the absolute values are

estimated to be +30%, except at 8 keV, where they are 459,

Exit energy  "Dirty" carbon c , Mg Nb Au
(keV)

8 ‘ 1.27 0.85 ~.0.51 . 0.0 . 0.52

16 1.09 1.09  0.69  0.5%  0.52

30 : 0.86 0.86  .0.90 0.7%  0.57

50 | 0.71 0.7L  0.90  0.88  0.59

7 : 0.63 0.63 0.80 0.82 0.62

100 0.55 0.55 0.6+ 0.63 0.59
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Fig. 3.
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work (a representative standard error is shown). The H
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FIGURE LEGENDS

Analysis chamber. Insert shows collimation: A, 1.32; E

2
B, 1.57; C, 2.72 mm diameter.

Block diagram of the electronics. -

Neutral fractions from "dirty" surfaces. P, Ref. 2;

WB, Ref. 18; BBB-1(C) and BBB-2(Al), Ref. 19; e, present

atom results of Refs. 2, 18, and 19 have been plotted at

_twice the H energy. The dashed;line is drawn through our

data.

Neutral fraction from a fresh Mg surface. The estimated
standard error is shown at a representative point. The
dashed liné is drawn through our dataf The sblid line is N | ;
the neutral fraction obtained from a ﬁhick'Mg nggz_target, h_ !

Ref. 20.

"Negative fraction from a cérbon foil: e, "dirty" carbon;
‘0, freshly evaporated carbon. The estimated standard error

'is shown at a representative point. The dashed lines aré

drawn through our data-  The line labeled P represents the
H results of Phillips (Ref. 2) for dirty surfaces, plotted

at twice the H energy.

‘Negative fraction from a fresh Mg surface. The estimated ) v -

standard error is shown at a representative point. A dashed

lire is drawn through the data. The solid line is the

‘negative fraction obtained from a thick Mg vapor target,
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Fig. 7. . Excited-atom results for "dirty" carbon surfaces, pre-

an, where Fhiis the ratio of the

sented in the form n
number of atoms in the principal quantum level n to the
total number of particles in the beam (charged.and~neutr§1)o
;-Qﬁtical method (this work): o, filter; [1, monochromator.
Field-ionization méasurements:' o, present“work; — Sweetman
et al.. (Ref. 3); The representative standard_errors indi-
cated are based on feproducibility onlj; The“estimated
standard errors in the.absolute values are +30% for the
field ionization and t40% for the optical results. The
. dashed liné is drawn through our field-iénization.data.
Fig. 8.  Excited-atom results, nBFn, for fresh Mg surfaces: o,
'-'filter; ¢, field ionization. The represeﬁtative standard
errors inaicated are based on reproducibility'only. The
‘estimated standard errors in the absolute values are ijo%
for the field ionization and *40% for thé optical results.
The dashed line is drawn thfough our fieid-ionization data.
The solid iiﬁes are for Mg vapor targets: 1, thick target
(Ref. 21); 2, target optimized for maximm excited-atom
yield (Ref. 21).
Fig. 9. .A comparison of measufed neutral yielas from solid Mg, e,
.and Au, o, surfaces_with theoretical predictibhs from
Ref. 6 (YTE) aﬁd Ref. T (TY).V‘The solia.line,.P, is
Phillips! Au data (Ref. 2). Our experimental results with

deuterium are plotted at half energy.



Fig. 10.

Fig. 1lf

-30-

Emission cross-section measurements 6f the 0-0 first nega;
tive band of Né+ (391k R) produced by bombardment of N,
by H+. Solid lines indicate absolute measurements, dashed
lines indicate relative measurements. A,ﬂRef; 2k; B, Ref.
25; C, Ref. 26; D, Ref. 27; E, Ref. 28; F, Ref. 29; G,
Ref. 30; H, Ref..31; I, Ref. 32; J, Ref. 33; K, Weighted
aﬁerage curve used in present experiment.

Emission cross-sectioﬁ measurements éf the 0-0 first nega-
tive band ovaé+ (3914 R) produced by bombardment of N, |
by HO° Solid 1ineé indicate aé;olute measurements, dashed
lines indicate relative measurementé.v B, Ref. 25; D, Ref.

27; G, Ref. 503 I, Ref. 32; K, derived cross-éection curve

used in present experiment (see text).
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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