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EXCITED STATE PRODUCTION IN THIN FOILS FOR NEUTRAL INJECTION IN
CONTROLLED THERMONUCLEAR FUSION EXPERIMENTS
Isaac Bornsteln
.Lawrence Radlatlon Laboratory
.+ University of Callfornla,
_ Berkeley, California' 9h7QO
January 5, 1971
ABSTRACT
ZThin_foils‘haverbeen suggested as a chargefekchange medium for
'neutralIihjectioh into controlled thermomiclear fusion devices. In -
thefékperiments“de3cribed'here,'the»excited stete{fractioﬁ;.heutrel
'fraction;’eod neéative.beam fractions are measured for‘deuterons in
T_the-energyArengele <EXK lOO'keV for thin carbon'foile and for carbon
foils: with freshly evaporated exit 1ayers of carbon, magnes1um, nio-
blum, and gold F01l lifetimes are also measured for 5 ug carbon
‘ f01ls. |
Iﬁ:»eddition, a fe{riew'is made of the llterature on. foil stopping
pover endOSCattering'from foils. o
F01le are shown to have higher exc1ted state yields at energles

below 20 keV at than gases or. vapors. In partlcular, carbon foils

_have.e higher excited state yield than the others-tested.



~I. INTRODUCTION
' On¢ method of producing a hot plasma is to inject energetic

neutral atoms_into'é magnetié containment Vessel.l’2 In this method

- it initially was hoped that sufficient atoms would be ionized by

collisions with.background gasvéﬁd_trapped in the field to form a
plasma. 'Earlyvexperimentss shdwed_that at pressures below lO-7 torr
the tfapping_efficiehcy remained éonstant,'raﬁhér‘thanvdécreasing with

decreasingjpreséure. This enhanced trapping was found to be due to

Lorentz ionization of atoms in excited :states. . If a highly excited

atom.isﬂpéSSed through é'magnetic field, the V'x B force appears in

‘the atom's frame of reference as an-electric field vwhich can ionize

théfatomli'For example, with a field of 45 G, a hydrogen atom with
an energy of 30 kev W1ll experlence an electrlc fleld of 108 kV/cm.
ThlS is sufficient to ionize states down to. pr1nc1pal quantum number
- 10. o L |
'.Iﬁ the afdfementioned experiméﬁt; the neutral:particles were
formed by aissociétihg H; in watef vaéor. n subsequent experimeﬁts,
other,vapdrs'and gases have beeﬁ used as néutralizihg and excitation

medla, one of the best at energles of 10 to 30 keV belng magnesium

, 6
vapor.S Berkner et al. have made measurements in magnesium vapor and

‘ Fig l shows their results for ex01ted state yleld and neutral fractlon

as a functlon of target thlckness at 15 keV and Fig. 2 shows the

excited-state yield as a function of energy. As can be seen, there is
a peak in the excited state curve at a-target thickness of T x 10"
atoms/cm?. “This is a result of excited atdms being removed from the

beam by furthef_collisions with the target gas. 
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he

Aﬁoﬁher”chargevekchahge medium is the thin; self?;upportiﬁg foil,
tpe‘thiﬁhésfiévailable‘of whichris two of.three ofders of.magnitude
thickér thén the optimum magnesium vapor tafget. Very little is known . w
abqut,thé me¢hdﬁism of charge exchapge in solids. _Trubnikov andv |
Ya&linskii7 have made é rough calcuiatibn which showévthat thé various
ﬁ vaiues of fﬁe‘éxcited statésbdre populated according to the same
nf5 scaliﬁg which_applies'to gases. chLellahd8 has_ﬁropdsed a
differenf m6dei ﬁhich roughly fits'the'experimental results,_énd‘also
prediété n'-5 séaliﬁé@ B V B

‘ :EXpefiméntally; it was originally observed that all foil materials
'gavé‘the'Same‘ouﬁput neutrél fraction. Then, in 1955, Phillips9 showed
that the neutral frdcﬁion'waé strongly dependant on the'exit'surface
of the foil; Whét.had pfeviously been measured was the neutral
fracfioh attributable to surfaces coﬁtaminaﬁed with adsorbed géseévor
dirfusion ﬁump oil. By'depésiting.frésh layers on a fdil'undér a
R _ R e .
high.vacuum,he was able to.measﬁre the neutral fraéﬁion'from the foil
‘and wat¢h>it épﬁroach'thaf of ﬁdirf".. I£ wés Pnillifs' expefiménts
ithat:demonStrated the need for.high vacuum and clean foil exit‘surfaées;
in these eiperiments at a pressure of 10-6 torr a mpnqlayer of back- |
gréund gas will build up in one second-and equilibrium will be
esﬁablished in a few minutes. : | R ' .. -
In 196&, Sweetman et él.lo at Culham Laboratory measured thé yield
Aat the lével ﬁ ; 11 from a carbon foil for 20 to 100 kev HO étoms and_
r?portéé that it exceeded thé yield from_é_hydrogen gas target.’ It
was this incréased'excited state yield that formed the ﬁétivatiqn for

the further study of foils as a charge exchange medium.



Kémin;kyll héé-shown'thaf in the case of O{élto 2 Mev 3H¢+ through
'monocfystﬁliihe.coppef_foils, axial channeling can:have a marked effect‘
.6n”fhe chafge staﬁes‘emerging from avfoil; Further in?estigatidn ofb
ﬁﬁe‘effégt qf channeling on:éxéited;state yields would be interesting.

. vin my ékﬁeriment, fAhave méasured'éxciﬁed state &ieldé‘fiom
bseveral fdiiiﬁaterialse Beryliiﬁm folls were uséd initially, but
becaﬁsé of féXiéity probleﬁs) carboh ﬁas‘éhosénvasvavsubstrate. Tt is
vcommérciéli& availébléle‘ihvvarious thicknésSes; Clean carbon was
_é&apéiétéd in order to comparéVCleaq énd dirty féils._vMagneéium was
CHcééﬁ because of fhe efféétiVeheSs of magne§ium vapor, gold to give
'aﬁothér compafisoﬁ with the daté of Phillips, and niobium because it
has a'iow sputterin'g.yield13 and would hopefully give a longer lasting
Cfoil. | | |

Bésides.higher‘excited'state yields, foils have the ad?antage over
gaSes in thaﬁ they do_notlihtroducé a ﬁeévy pumpiﬁg‘load due to gas
étreaming'but of the neutralization éhamber. 'Foilé do have some
disadyantagéé,‘namelyﬁincreaséd scattering of the_bé;m, sjuttering; and,.
vfhe téndeﬁéy to "burnupf; I have ﬁade‘some.measﬁrements on foil

lifétimés,vand the other'two problems are discussed in appendiées,

]



'f.fII. PRESENT THEORY ON EXCITED STATE PRODUCTION
. Very llttle theoret1cal effort has been expended on neutrallzatlon

and exc1ted state productlon in f01ls, with the result that llttle is
'known of the mechanlsm by whlch they occur I am aware of only three :
papers that have been publlshed on this toplc in recent times, two of
them by'the same group, Yavllnskll, Trubnikov, and ElESlnlu have
-i‘assumed that the recomblnatlon process takes place at ‘the exit of the
foil because the Debye shieldlng :length inside a metal foil is so‘
short that the:protons'are too well shielded to caputre an electron.

At the sdrfacebef tﬁe'foii,tthe proton captures an electron forced out
of the metal under the influence of the'electron:pressure‘within; ‘The -
capture is'treated elong the lineslef the»ion-ion recombination theoryt :

of Langevin. In the case Vp K Vo they obtain

436 [ n, \/3
Feexp | [— [—Z| |
| 14 B \10°°
P :
~ where "VP = proton veloeity
Vo = velocity at Fefmi surface
n, = electron density (em-B)
Ep =.proton'energy'(kev)
‘ F+ = positive fraction of emergingvbeam
In the case V. 5>
In Ee cese VP Y
. . 6.5 ng /2
F' = exp i- ~— | —=5 .
L B |10%]

In.cemparing their calculations with Phillips'9 data (see Fig. 3)



']Fig.ejf Proton fraction of beam at exit of a metal f011 ‘as a

* ' S 'functlon of energy (theoretlcal and experlmental Qtudles)

ijA, Ref. 7, theoretlcal study, B, Ref 9, experlmental data for- o

"-s1lver, C, Ref 1h theoretlcal study assumlng proton veloc1ty
S less-than that of electronS'at Fermlrsurface; D, Ref.”lh-
theoretlcal study assumlng proton veloc1ty greater than that

of: electrons ‘at Fermi surface
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. Y&VllnSKll et al..state that the energy range covered corresponas to
values of V /v between 1.75 and 7 and therefore the experlmental
result.should;and does fall ‘between thelr curves..v

. In a'later.paper,lTrubnikov-and‘YaVllnskli7'ccnsider the case of
l'tuanel recombinaﬁion'hear fhe‘surfaCe of a métal'fcil.flThe_recombina-
tion_procese‘ie assumed to be the reSult_cf a'tdnnel trahsition'of an
electroh:in the metal_to a“levelvin an atom that has tﬁe same: energyr
Previcas workers had'carried'outytheAcalculation in two parts;' first,
‘the'ion ﬁaadCOnsidered to beeaf‘rest some distahce R from the-surface
and’ the trans1t10n probablllty ﬁas.calculated u51ng time- 1ndependant
'perturbation.theory. Then, these individual probabllltles were. inte- -
" grated ¢§éf fhe'rahge‘of R to obtaln the overall probablllty, This
aﬁproacﬁ;rcalledzthe "fixed'ioﬁvapprOXimation"’(itiis-essentially

the assum;mlon that - Vp<<v ), leads to the follow1ng results

w; =0 (tran51t10n to the ground state is 1mposs1ble)

1

B w .__ l _‘ ex . - 00282
- T
S P
S ‘ P ‘ fle

oy and”higherdare insignificant -
wherefwifis,ﬁhe»transition'probability to the state n = i.
Trcbnikov and Yavlinskii maintain that the'abovesapprCach is
1ncon51stant as. the motion of the ‘ion is not ‘taken into account.

”nerefore, they use tlme dependant perturbatlon theory to calculatexvl

1hc case V > v, the result being shown in Flg. 3 (this is actuf-v‘

-0

: ally a plot of l -V ) The fact that the calculated values ofwl are"

fmachr than the oboerved valucs 1s explalned by the presenco of other

T



<

recomblnatlon processes includlng tunnellng to lower levels and the
dprocess con81dered ;n their preylous paper. Flnally, Trubnlkov and
Yavlinskii show that the various excited states are populated accord- -

ing to

£

"o
Uls
Nl

_ McLelland8 malntalns that the assumptlons of Yavlinskii, Trubnlkov,
and Eles1n, namely Debye shleldlng and the appllcablllty of Langev1n 5
'theory, would_make their results 1napp11cable to semi-metals such as
:graphite;cfHe therefbre}perfofmed calculations based on two different
mefhdds'dfdreeombinéfion. .First'he considers recombination with cond-
‘uctionieleetrons and reports that the calcuiated yield of both excited
aﬁd neutfal atoms falls dff much more sharply than the experimental
results; ’Next he considersve free electron model in'which.the proton
glves rise to an internal shower of p051t1ve energy electrons. Some.

_ of these w1ll have ve1001t1es close to that of the proton and will thus
be capdidates for possible capture. Using this model he derlved the

" equation

27Wk7v0_2mpa N 1'.| (k) |2 SN
N = —5— | d&k — |h (kq)|” — £(E)
o 2n3m‘k., »ng ~x q © k
ep . : e
sin{(’K -k )a] 2 1
Q% e .
B _ CERN-AR”
(K, - K)e ENEREE S
T t—=(K_ -K) +-—=
: : 0z e 2

where
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‘toﬁal number 6f electrons avéiléble fdr éapture;“
thtal solid angle froﬁ which capture takes piécé
= transverse dimensioﬁ'of_féil o
: .electron»wave.nuﬁbeff .

= electron wave number in center of mass

1 L.-E/35

5 = electron energy distribution

z-component of initial wave number in center of mass

ik.r

r I

screening factor in the'Coulbmb potential -

= initial wave number of the reduced mass

are plotted his results for the two models. The curves are

_normalized'tovl at_a proton energy of 20 keV as the term (N/Qde)'can-

not be cal
among the
retical re

'Thﬁs

culated exactly. McLelland also reports a n™> distribution
various states. In a later section I will show his theo-
sulté’compéred to various experimental results.

the theory for excited state productiqn in solids is in much ‘

'Worse-shépe than the theory in gases. McLelland'S‘theory applies only -

(e

t - : ' ' BT . al
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| t;’)‘semi'--mé._té,l's and ﬁot t'o ’_;ne.tals where conduétio_ﬁ -éle'c.:troﬁs"play-ﬁé
‘*}'aéée‘iﬁpoffént-rb;e,{'Ié'wou1d7a1so'Ee‘intereéting to see what his
: '_the:‘oirt'g‘:r;:ibijé'di\c:"ts‘,at‘»vv.protro-nf'»energies beléw_éo .keV.-"'The fheoi‘iés of
Yavlinskii et al. ahd Tr££nikov_and Yaviinskii ave incomplete in that
' i:hey. do not-.smoo“t'hljr' cox}e:r the enérgy’. rangé of ;,‘J".ﬂn'tere‘stA or fﬁey do not»b
.' . ‘cvdnéide_zj'v:a".ll -p;;ocesses- involved. No one has é_on_s-idered the effect of

- channeling on excited state production.



CIII. o EXPERIMENTAL INVESTIGATION
A. Apparatus

A'bloek-diagram’of,the an@aratus used is shown in Fig. 5.
_ls Acoeleraton: |

.fThe eecelefaton'used‘for the experlments'described‘herein is a
Texasimncleer CorporefionfModel 9500:Research Series Aceelerahon.
This aecelerator consists of an rf.ion source, a 150-kV pover supply;'
and vafious beam focusing deviees.‘ Tons produced_inAthe'rf source ame
extraohed-throngh thé'hiéh-voltage canel with a O to:S,kV'extraction
- potential. 'If desired, the beam can now be pulsed by meens_of a pair
of plates immediately'afﬁer the oanal. An einzel lens provides ini-
m'tialfelechrostatic focusing for the'beamfas it exits the source and
‘then'?iso_accelereted to the desired energy. All energy measurements
Werevmede throughva'ealibrated voltage divider attached to the extractor.
In.the;drlft tuhe'folIOWing the acceleration column'are a set of.ver-
:tlcal and horlzontal deflectors followed by a dual electrostatlc quadru—
pole lens.. The accelerator is pumped by a llquld nltrogen-baffled oil
.diffusion pump. To prevent pump oil from contaminating the latervsec-
'fions of'thevvacuum system, & narrow pumping impedence was placed in
the»beem.tuhevimmediately after the pump. All vacuum seals in the
:aocelefator.are made with rubber O-fings.

2. Magnet and Beamline Pumps (Fig. 6)

The sw1tch1ng magnet senyes two purposes. First, it momentum
analyzes the beam, allow1ng one to choose between H Hé s H3 sy Or
whatever else mlght be in the beam In addltion it allows two separ-

ate experiments tO'be constructed in the experimental;area-w1thout
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diéﬁu;bing eachfotﬁer, :A neutral port is_brovidéa fdr studies inlev— .
ing ﬁﬁe;wﬁéléﬁbéam;dr neutfals; In order ﬁd prévent antaminatidn‘of'
the high #aéﬁuﬁ‘iﬁ:the excitaﬁibn'analysis chambef,f£w0'liquid-nitfogen-
b@ffléd fi£énium sﬁblimatidn‘pumps are used on the beaﬁline. Theée
periodi&ally.evapérate a.ffeéh layer of titaniﬁm'én a liquid-nitrogéﬁ-

_ cooled sﬁffééé and aréuuSed to trap-aﬁy oil.that might'coﬁe from ﬁhe
aééélér;pof'and maintain a beamline pressure in the.fange of 1077 torr.
Should thé'preSSure:rise toévhigh; resulting from a failure of'the
accelefétdf'puﬁps or a broken source, the aﬁtomatic vaivexwi1l close

to pfotebt thé éhdiyéis chamﬁér. If dne'desi;es to expefimeni with
neﬁfrals;:a neutralizing Hil can'bé'placed'ih tHe fOil:holder valve
énd évmégnef'canvbe.uSed.to sweep away ali the charged:particles. The
beamlihé;sécfion cén e roughea using the foughing system of the_anél&A
siévéhamber%'which is a_cléan roughing system using.no'mechanical pﬁmps.vv‘
Ali VacﬁUm éeals in fhis séction argimade ﬁi%h éopper gaskettedjvarian

flanges. -

3. Ex¢itation Analysis.Cnamber (Fig. . 7)
fhié chamBer-constitutes the uitrahigh vaCuumvsection of the

syétem;>n§fmal operating pressure is»appréximafely 2 3;10-9 torr: To
achievefthisrhigh vécuum,-séveral differenf'pumping systems a;e used.
'Initiaizréughingvto a vacuunm of‘abbut 25 iﬁ‘-of mercury‘isydonevwith
" an "ésp;rgtof;”lsj This*ié a dé?ice ﬁeny similar to a perfume'atomiZer '
in ﬁhiéhinitrogen'gas at 80 psi'is'flowéd paé£ an orifice‘leading to
“'tﬁe Vééﬁﬁﬁ system. In addition to providing,ah oil-free highépresédre

B roughing system, the aspirator will tend to make nitrogen the‘majbr"

component of the remaining gas, hence Simplifyihg furthef punping. To
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-1¢§ér-fhégp£éssgre to apérorinately'S mierons; liQuid-nitrogen-cooled‘
sorptlon.numﬁs are used. At this:pressure; the gate valve to thevion
pump can be slowly opened and the pressure lowered to.the high lO-8~
torr range.' By baklng the system at a temperature of 250 C the pres—
.sure was further lowered to about 2 x 10 -8 . torr, To fac1llta e baklng,
a_quarhtheatlng lamp'was permanently installed in the chamber. The_ |
'liquidehelium cryobumpl6 I . consists of an outer
. liQu‘id-fnit5r0gr'en paffie ana shield, and'an'inner'- container of lic.luid'
vhelium" Fllling the nltrogen shleld lowers the’ pressure to 9 x 10 -9
torr,band addlng llquld hellum lowers the pressure fUrther to 2 x 10 -9
torre Thls.pressurevls lowér than the base pressure of our ion pump
and‘therefore'the pump isfclosed.off'at_this'time.

' Cafbon foilslelare_positioned:in the beamline by means of a foil
lock eontaining'a helloWS'seal}‘ When.fully retracted_the‘foil lock
_can be closed off from the'svstem and it can be pumﬁed'down or let up
to alr through a serles of needle valves leadlng to the roughing
system,3 In this manner, LOllS can be changed w1thout affectlng the
' vacuunllnjthe main system; To prevent the need for excessive foil
changing)fthe'foil-holders.were designedwtoihold as many as three l/h-
in. .'diame"oe‘r foils at a time. | .

h The beam entering the chamberwis collimated twiCe,rpassedathroughd'
the foil, collimated againvandvelectrostaticallv defleotedfﬁo analvze
the-charge.comnonents. The positive andfnegative comnonents.are col-
'. lected by Faraday cups connected to Kelthlej Model 410 plcoammeters.

_»A Dlock diagram of the electron1c5‘1s glven_ln Flg. 8.. The neutral

17

'particles are collected by & pyroelectric erystal detector. T  With
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the current‘avallable, at beam‘energles below 20 keV, the pyroelectrlc
crystal is not sufflciently sensitlve to glve accurate readlngs and is .
rcplaced by a llthlum drifted surface barrler detector, uslng the same
electronlcs as did the pyroelectrlc crystal and therefore monltorlng mean 1
current. .There is an additlonal Faraday cup covered wdth a narrow
.colllmatlng sllt, measuring the relative deflectlon voltages needed

to brlng the beam 1nto the cup both w1th and w1thout & foil, one can
.determine the energy 1oss in the f01l. All the Faraday cups and the
‘ncutral detector are 51tuated in a transverse magnetlc fleld of.about

hOO gauss to suppress_spurlous currents'caused byvsecondary_electron,v
emission;ffzd | | |

“Two dlfferent methods were used to measure exc1ted state ylelds :

in these-experlments, 'The first method was to count the de- ex01tat10n
photohs*athhlbl Rdresultlng from the decay.of the n = 6 level of
neutraljgydroéeh.~ Orlglnally, a monochromator was used to v1ew the
photonsfbut 51ze llmltatlons placed the . monochromator sllt far from

the beam w1th resultlng loss of efflclency Therefore, a new optlcal
systemvwas de51gned;aroundsa bahdpaSSvfllter. As it was_de51red to f
obtain'the haximum light transmissionlto the phototube the'front lens
of the optlcal system was placed in a w1ndow recessed 1nto the chamber
and only 2 in. from the beamllne The rest of the system con51sted of
a second lens to focus the llght on the photocathode of the phototube ..-
and a bandpass “Filter with 83.5 X width about h101 X A EMT type 62568
phototube, cooled to -20 C to remove background no;se, was used to
_count the photons. Thermal 1nsulation_was“plaCed.betweeh the photo-

tube and the optical system to prevent frosting of the lenses and

R S
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rilter.
The other method'uéed‘was,torelectrostatiCally:iQnize the atoms

19

in a strong electric field-andxmeaSure the reSultiné curreot; A
high voltage gap was de51gned con51st1ng of three grlds of 96d trans- -
Dalent tungsten mesh 7/8 in. in dlameter; The outer'palr-are grounded
and the 1nner one can be set at any de51red potentlal Thevgrlde'arelb
$£§@ﬁd 1/8 in. apart‘on the upstream'slde and~5/l6 in. on the exit-r
'wléé.' Voltages up to 15. kV could be applled w1thout sparklng, whlch

is eoulvalent to 50 kV/cm As w1llvbe shown 1u Appendlx_A, the ex01ted
state yield is proportionel to the slope'of the de-excitation‘ourreﬁt

wlotted ve the square root‘of.the'voltage. An electronic analog square E

root'deviee.was connected to a'voltage~divider output of the high volt-

age poWer‘supply; andvitsdoutput oonnected to:antXfY recorderfb The.
other'eXis'vas.driven by:the output‘of-efKiethley 410vpiCOemneter con-
nected.to thé'neutrel'eup. :A olot Vas obtaiued'by ruhninéithe pover
supplyfupdto 9ka and then shutting it'off with'the'recorder‘runhing;
To lengtheu the vOltege decey tlme'to 5 sec, a 0.1 uF oapacitor WaSs

attechcd acrocs the hlgh-voltage oupply It was found Uha*'the slope

3obta1ned depended on the polarity of the hlgh voltage used " The nega--

‘tive voltage was -shown to givewslopes'25 to-l3% low, due to team

steering,in the energy range 30 to 100 keV.

h. Electron Eeam.EvaPOrator

In order to place fresh surfaces on the rear of the foils, an elec-

L) '.

Lron. beam evaporator was hung on the rear of the analys1s chamter The

lllament is maintained at a p031t1ve potentlal of 6 kv andtthe»resultf

ing electron beam is focused and bent. by a pair of permanent magnets

Into a crueible placed in a depression in the water-cooled copper Pase
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.of the evaporator; Evaporatorrpower'isvceﬁtinuduSly’adjustablevup“tb =
3 kw, allowihg one toievaporate most materials; inclmding‘niobium

.and earbon. A.series'of collimatbrs aim the evaporated material'through

a valve to the- back of the f01l . Due to the colllmaulon, the analy51s
chamber pressure rises only’ to the low lO 8 torr range durlng'evapora-,
4"od'nnd-an,ls rapldly as soon'as éhe valve is clbsed‘ .mhe evauorator :
is pdmped by a llquld-nltrogen-baffled 6 -in. 011 dlffu51on pump and. |
has_waterrcqoled shlelds-and a llquld—nltrogen baffle in’ the evapora- . -
ting revianiitSelfI A:shuttered Viewing‘window ie brovidedsfor

obs erv1ng the evaporatlon and to allow replenlshlng of the evaporant

wruhout'ootally dlsmantllnﬁ thc,unlt.

5. ¥oil Burnup Chamber;jFlg 6)

At the beam levels ‘of this experlment the f01ls had a very long
llfetlme.' In actual appllcatlons, the beam levels would be much nlgher

and Lt was desired to obtaln some measure of what the foll llfetlme '

_ woula be; In order to obtalnjbeams_qf suff1c1ent_1nten51ty'to- burn '

bup” axfoil in'a reasqnable length of'fime, it was neceSSary to construct

a chamber;closer3to.the”acceleratormthan'the analysis chamber. Beam

vintensify.in*thevburnup chamber was bu‘the order of microamperes through_.

‘2 1/16 'in. diameter hole, or hundreds of mieroamperes per square centi-

meter. An‘iﬁitial cellihator was'used to keepvthe relativelyﬁ?oor
Vaeuun of the chamber from contamlnatlng the beamllne. The beam is-.
then colllmated, passed through the f01l and colllmateq agaln
Charbed partlcles ‘are then deflected into a Faraday cup and neu rals
are aeteeted by-the seeondary emission from a flat plate. Small

permaneht magnets attached to the Faraday cup suppress secondaries on-.



P4, The neutfal,deteetor;is'moﬁitbfed_byﬂa Keithley”model’th*piCOQ,j"

iU

ammeter whose output ‘is used to drive a strlp chart recorder The

: bieakage of the 1011 is noted by -the sudden drop 1n the neutral 51gnal.f
The chaﬂber 1s pumped by a- liquid-nltrogen-balfled 011 diffusion pump

f

_end has a base pressure of 2 X lO torr,g S
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B. Experimental Procedure.

1. 0ptical Method

The basic quantity being measured is the photomultiplier counts
per particle detected. The acceptance angle of the optical system is
such that 1t will observe a much wider spread of beam than will be
‘ passed by the final collimator. As scattering from the foil increases. :
the particle detection rate will drop and the counts per particle vill

rise even with no change in the excited state yield. Thus the effici--
_ency 15 & function ‘of beam scattering and it is necessary to measure

it every time conditions change, which for practical purposes means
every time a foil or energy was changed and after each evaporation.

In order to obtain the optical efficiency of theilens system, one first
’measures'a?knoun'reaction yield.‘ The known,reaction used for the cali-
:bration"uas'thehexcitation and~subsequent'decay of'N2 gas'bypproton‘
beams. The optical band head from this decay 1s at 3914 £, which is
sufficiently close to the thl 2 hydrogen line for the - relative effici-
encies of the optical system to be the same at the two wavelengths.

Nitrogen.gas was-bled into the analysis chamber through a needle valve -

- _and the pressure measured with an- ionization gauge, vhich was cali-

brated against a-capacitance manometer. With the foil in Place and the
39lh R'filter_in thelfilter drawer, four sets of measurements.were.takenv'
at pressures-between 2 x 10‘6 and 9 xvlo-6 torrf(the measurements are

' identical to those taken with the thl R filter and will be described
1ater)- After the measurements are completed, the needle valve is

closed and the system allowed to pump down to its base pressure The

3914 R filter 1s removed and the thl R filter is placed in the filter
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drawer.:

As a preliminary, the deflection voltages necessary to hend the
beam into the slit ‘cup  are measured. From these and the accelera-
tion potential, one can determine the exit‘energy from the foil. From
the energy loss in the foil and known stopping power Cross sections,
-(see Appendix D) one can estimate the thickness of the foil.

The hasic quantities to be measured are the positive current '
emerging from ‘the foil, the negative current the neutral beam equival-
ent current, and the photon count from the photomultiplier. Since the
Apyroelectric neutral detector is an energy—sensitive device, it is
necessary to calibrate it hy repeating the measurements with the de-
'iflection voltages off. In this manner the known charged beams could

be ‘added to the neutral beam and the resultant sum measured. From
this sum the calibration factor of the neutral detector is calculated.
The neutralvdetector also,requires a beam which is slovly pulsed at 10
to 15 cycles/sec; A gating logic circuit was'arranged5to allow aiset
of counters to be‘turned on and off as the heam uas;pulsed; ?
Essentially, therefore, there were seven basic measurements.
First, a pair of gated counters were attached to a one kilocycle per
second oscillator and used to measure the total on and off times of the
beam. Another pair of gated counters are attached to thefphotomulti-
plier tube. The-beam—off_counter_in that case is a measurement of
background_noise_in the optical system. The three-remaining.measure- :
‘ments are'the integrated outputs of the particle counters.' When,thel
_ deflectinglvoltage is turned off,’the measurements arere;eated.except,*

of course, for the charged particle counters, which now read zero.: In
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.general, these sets of measurements vere repeated several times.
Measurements taken. with the deflection voltage off are used to
calitmate the neutral detector 80 that one can obtain a total particle
flux. Dividing this into the photomultiplier counts, one obtains the ;
count rate ‘per detected particle. In the case of the nitrogen cali-
bration, one can compared this count rate W1th the known excitation
cross section to;obtain‘the system s optical efficiency. Knowing the
efficiéncy,.one canhthen get.the‘excited'state yield from-the count
rate in*a‘second set‘of measurements.‘ The method and theory of obtain-

ing the excited state yields is discussed further in Appendix A.

2. Electric Gap Method

This method has the advantage of being simpler and mcre direct.
There is no need fbr 1engthy calibrations of the optical system nor |
for havingvthe beam pulsed all the time To start off, the exit beam
energy isxmeasured as before. Then a reading is taken of the charged
currents with the deflection voltage on, and again, using the neutral
detector as aAFaraday cup, with the deflection-voltage_off. ‘This
latterimeasurement gives the transmission of the grid assembly and the
collimator in front of the neutral detector.i The»beam pulser isdturnedt
on and the;neutral detector is read with the deflection yoltaée on and
| off, in order to obtain a neutral fraction. With the pulser.off, the
gap power supply is turned on to 9 kV and the scales of the X-Y recorderrv'
are properly:set. The square root of the gap voltage is fed to the |
Y- axis while the ionized current in. the neutral “port. goes to the X-axis.
With the pen down on the paper, the gap power suppLy is turned off and |

the slowly discharging cepacitor across the supply allows the recorder
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to obtain & plot ‘of root E ve I. As will be shown in AppendiX.A,
the excited state yield is proportional to the slope of this plot
if we assume that the excited state populations are proportional to
n'3;." |
3. Evaporation | o |

Before evaporating, the liquid helium cryopump is filled with
one or two inches of 1liquid helium, allowing the analysis chamber to
settle to its lower pressure The pot of evaporant is heated at a
power below‘that required'for evaporation to allow it to*outgas,_and
then a small liquid-nitrogen ’tifap in the line bea;_ee'r;_ the _evaporation-
chamber and the analysis chamber is filled. Usingnthe poSitive beam

as a monitor, '

through the foil, the evaporator is raised to the proper power level,
the shutter valve between the chambers is'opened, and thevevaporation
commences. When the beam cnrrent drops by 30‘to‘50%,>which.usually |
takes about one minute, the shntter iszclosed and theievaporatOr
turned off. At this point the sequence of measuremente. ie begnn again,
. Foil Burnup o - |

| Usinig’the switch_ing magnet, the beam 1is routed to the 15° west
beamline and.is tuned;for naximum intensity in'the Faraday cup.‘ The
neutral detector output is monitored hyva Keithley.hlo picoammeter
which in turn runs a strip chart recorder '.The'initial'beam.current
is noted, the _recorder started, end a foil inserted in the beam path
When the fOil breaks, as indicated by a drop in the neutral signal, ‘
the foil,is-removed and inspected. During irradiation the beam
currentlisfheld constant * 10 percent. Note that a change in beami

v intensity will affect both‘neutral'and'charged:components in the same
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direction, 'yihile a break 1n .th_e'.;'f"o,ilv_' wi'l]_.‘incr_e‘zise' the ché.rge' cdmponent

and decx_'e'a.ée “the neutral é'omponent .

P T



a9

E IV. RESULTS

A. Excited States and Charge states

The measured excited state fractions for "dirty" carbon foils'
ere shown in Fig. 9, for "clean 'carbon in Fig 10, for magnesium in
Fig 11, for niobium in Fig 12, and for gold in Fig 13 The experi-
mental error is +374 in the optlcal method- and +19% in the high-voltage
gap method. The sources of error are discussed in Appendix C. The
curtee;'ere ,drawn only to guide the eye;andvhave no other sigmifi-
cance. ‘As'cen.beSeen, the results of the high-veltege.gepvand:optical
methods are in egreement'with‘eachTother; and with the results of
Sweetmah'et-El;lo and Berkher.et al.l8 for carbon. A comparison with
McLelland‘sdtheory isishownbin:Fig.dlh. -

.The;eorrespomdiﬁg neutrel_fraction curves for carben, megnesium,
niohium, and gold are shown in Figs. 15 ‘through 18 'a.ndb the negative
beam frectioms.are shown in‘Figs 19 through 22i For those foils for

whichlbther data.9’20

are. available, the agreement is good

From these results it seems that at low energies (< 15 keV D ) a
dirty cerbon foil provides the best charge-exchange medium. This is
- fortunate as carbpn_fbils are easilyvohteimeble, and it is relatively
difficult to keep & foil clean for any-lomg period'of time. While
making“loweenergy measurements>on magnesium, it was_found that.with a
background,preSSure of 1x 10-8 torr the eXcitedbstate yield uduld
changeffrom thet éharecteristic‘of Mg to that charaeteristic of dirty . -
carbon”im a period of about an hour, as shown in Fig. 23. At low
energiesviu magnesium the excited state yield of.considerably lower :

than in dirty carbon and the negative‘fractibn is cbnsiderably higher.



. R

O 7T
S F g "Dirty" carbon .
v Opticol method (this work) -
8- ¥ : P o _ e b
-9 . aFilter ‘ : :
B . - o,0Monochromator .
6 & o , kﬁgh'vonqge gap"hethod" 4
o v - - vPresent work =~
o o ¥ A Sweetman et al. :
T,y -
® A
.°>3 4_ 4 4 \ 7]
<&
. E
(o)
c', amad
L
=
3
° |
2 2r
s T
2
uw
STo x.) I HE T 1 N NSRNRY :
0 20 40 - 60 .80 100 - 120 140

0° exit energy (keV) o
o ‘ XBL7012-4254 .

Fig;f;;iTé#éitéd‘;tat;‘yi;ia ffomAa'Fdi;ty" carbonifdil._:ofpical  i;f'“
method: A, present work, using a filter system; o, e, Ref. 18,
usipgva mohochr¢mator (e are protbn results plottgd'atjtwice
the proton ené;gy). High-voltage gap mé,thqd: | V,' pre_s’_éﬁf wofk}
_A, Ref. 10, extrapolated to n = 6 using nf5 rule. Estimatéd
random uncértainties arefindiééted at'representativélpoinfé."
Systematic'uncgrtainties are estimated to be. *35% 1n thé. |

optical method and *19% in the high-voltage éa‘p-mefhod.‘ .



6

n

level

‘beam in

Hngh voltoge gop method -
Dlrty carbon |
Freshly evoporoted corbon[

Fraction ‘_ of total

107 [T R -1  1
-0 20 40 60 80 100 120
: .D°, exit energy © (keV) "

o  XBL7012- 4232,
'Fig 10, Excited state yield from "dirty" carbon as’ compared

w1th that from freshly evaporated carbon using hlgh-voltage'
'gap method. The estimated random uncertainty is shown at
a_representative point. The lines have been drawn to guide

the eye and have no other significance..



se-

O ) 3 ’

D" exit energy (keV)
3 ' : - XBL?OIZ -4253
. Pig. 11. Ex01ted state ylelds from a magnesium-coated foil: '
,A,"optical method; V, high-voltage gap method. Estimated

random uncertainties are indicated at representative points. :

'I'he line has been drawn to guide the eye and has no other v

‘significance. ‘ - " )

140

IO‘2 .. | _— o  '. N I
R R . Magnesium
8— S - aOptical (filter) met:hoL -
. . 9High voltage gop B
. ind , . ‘method - -1
e _
©
> .
__0_.)
£ 7]
£
(@]
QO
Ne
= _
S
5 K :
- a
s -
s  2r -
10‘3 { ‘ | . { L _ 1 i .
V0 20 40 60 80 100 120




b33

6

-
-

n
(6]
T

level n.

in

beam

4 ¥
¥

‘Niobium

Fraction of total
M)
1

| -H'i‘gh' voltage "gop method

‘tf'3 v.‘”_  ? ;: : , SR .
0 20 40 60 80 100 20

D~ exit energy  (keV)
_ ‘ X8L7012-4231
Fig. 12. Excited State yields from a niobium¥coated-foil using
“the high-voltage gap method. Estimated random uncertainty
" 1g shown at & representative point. Thé-liné_has been drawn

to guide the eye and has no other significance. 



beam in level-

Fraction of total

10—

L

Gold .
& Optical (filter) method
v High voltage gap method ~

]

—

a4

1073 L
0 20

80

| o
.lO’Of, 120 - 140
,-'D'° exit energy (keV)

. Fig. 13. Excited state yields from a gold-coated.

XBL7012-4252
foil: ‘

A, optical method; V, high-voltage gap,me'thbd.,i Es_timatéd

_ random uncertainties are shown at representative points.

< g



-units

( arbitrary

d

yie

.

Neutral

‘Fig.

1.0

o

H eiit-enefgyﬁ

: T
o8}
YO,G‘-- o
| Carbon
0.5 Theoretlcol | . h
. A Mc Lellond
O§4- Excnted states: :
B Sweetmon et al.
| C Present work
o.jzl- Neutral component: :
| D Phulhps‘ |
E Present work
0.2 ST S R T S—
10 20 30 40 50 60 70

Y

(keV)

lh A comparison of the. relative energy dependence of

theoretical and experimental excited state yields and neutral

beam fractions._

Theoretical results (Ref,'8) are for graphite,

experimental results are for dirty surfaces. As can be seen

in Fig. 10, the‘energy dependence of the excited state yield

for clean and "dirty" carbon is the same in this energy range.

Deuterium results of this experiment are‘plotted.at half the

deuteron energy. Theoretical:

 yields:

B, Ref. 10; C, present work.

D, Ref. 9; E, present work.

A, Ref. 8. Excited state

Neutral beam fractions:

XSL?OIZ 4234



36

l()() t_i| 1.5[ T . L. — I.i T T T l‘ |
i “.17 . . "[ﬁrfy"'corbon R .
o . A Pnillips 4
— B . B Wox aond Bernstein |
e R - e Present work |
s 80 | ﬁ—-..f::-~\~"‘fs\\~ ) -
c N : - c o
K | | |
S 7O _
Eg 0 ;i' —
3 .
@ B -
Z
SO . —
30 ;:M' L “i.l,i'_" R I T L 12' RES
D exnt energy (keV) -

| XBL7012-4246 e
Fig. 15. Neutral fraction from a "dirty" carbon foll:

A, Ref. 9; B, Ref 20; o,'present work. The H atom results
of Refs 9 and 20 have been plotted at twice the H energy
The estimated random uncertainty is shown at a representative
peint The dashed line is to guide the eye and has no other

: significance



kY

Néqitré_l_‘ fraction. (%)
7

st

B2
4 (f}

O

D° exn‘ energy (keV) |
o xauoua 4244

' Fig. 16 Neutral fraction from a magnesium-coated foil The"

:_festimated random uncertainty is! shown at a repmesentative ,kj'
',v‘point. The 1ine has been drawn to guide the . eye. and has

7;no other significance.



: Neutral fraction (%)

38

00— ]
b Niobium

.'80_;;‘.7_,. -

50—

D exnt enerqy (keV)
- | __ XBL70I2 4245

-Fig 17. Neutral fraction from a niobium-coated foil. The
.estimated random uncertainty is shown at a representative_
point.- The line has been drawn to guide the eye- and has ‘l.‘ 

no other significance.-"

2 o ZIOQ'_



1007

Neutral fraction (%)

-39-

90

o0 ~ Q@

L
o

IS WS T TN N DR L - L1 1

l T :I |l| T 'T."_-_ . 'v"'_"; |
Gold

A Phillips .

Present work -

—

v—

4

l'll

10 |
- DY exit energy (keV)
. XBL70i12-4243

|00

Fig. 18 Neutral fraction from a gol_d-éoé,ted foil: A',,Ref. 9;

o, present work. The H atom results of Ref. 9 have been

plotted at twice the H'en'ergy.’k | The estimated random uncer-

tainty is shown at a representative point.

-t



. <ho,

| 20 III . ., T - Jb"lv'! BEEENE
- Carbon
1o A Phillips
" "8' E o o '"Dirty" carbon 1
s o ‘Cleon carbon -~
2
ot
2
o
S
&= 1.0
.. 0.8
.'2 006
o 04
0.2f .
- 0.1 -i L 1‘ [ i o

.
8100 20 =~ 40 60 |00 150

D" exit energy (kev)
F XBL7012-4235

Fig. 19. Négative fraction from a carbon foil: A,.Ref, 9 (for
dirty'surfaces); 9, "dirty" carbon; o, ciean carbonﬂ- The

" estimated random uncertainty is shown at a}representati#é

‘point.  The H -data of Ref.'9 has been plotted at twice the
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eye and have no other significance.
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This, coupled w1th the relatively high pressure, made the foil dirty-
1ng more noticeable than it was with the other materlals and at other
'energies.' A measurement was made of the polarization of the 4101 3
line for 60 and 25 keV D .' It was found to be polarized in the direc-
tion parallel to the beam by 2 to b percent o -
| o B. Foil Burnup | |

Figure 2h shows the results of the foil- burnlng experiments The
average beam intensity for these runs was O 1l mA/cm though it varied
from 0.03 to 0.3 mA/en .

At incident energies of below hS keV the beam drilled neat round
holes in the foils and’ the break was sharp and sudden. At higher ener-
 gles several-attempts.yielded only;mixed results. On most'attempts,v
the foilcvould’tear at‘somevpointvout of the‘beam lineiand_slowly
crinkle and rip, all the ‘vﬁ_ile e)'cpos.ing”'_fre'sh pieces of foil to the
beam. One-fbil was stillvinterceptiné:the beam after“receiving a dosev
of 3'coulombs/cm2. »Anotherifoil-toreiin.such,a way asbto remove itself
from.the beamline.duickly;ithis isvthe'point shown.at,BOikeV, In an
attempthtoeovercomegthisjeffect,»the_foils vere mounted on.ajtungsten
wire mesh of 60 lines/in;Vand l.S mil'wire_(82;8% transparent). The
dbeam illuminated approximately ten squares in the mesh. With these
mesh'mounted foils, twO’effects were noted. First, at 80 keV the foil
broke after -about 0.5 coulombs/cm or half of the non-mesh value In
~ addition, ‘the separate holes of the mesh would burn through in rapid
succe551on at high energies and more slowly at low energies (1.e., the
variance about the mean mesh hole life was small at‘high energies'and

T b VoW energiee ),
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Other data available on foil lifetimes are the ‘works of Hunt et

2 Sawyer,22 Snouse,23 and Sweetman et al. 10‘-Hunt¥sfoils were
mounted on-an 80d transmission, 100 lines/in tungsten photoetched
.grid Table I shows a comparison of that experiment and my experi-
ments with meshes | . A. |

'Sawyermused self supportiné aluminumiand silicon monoxide foils. .
‘He found that aluminum would tend to oxidize in the beam, due to resid-
val gas in_the system, and hence become thicker. The silicon monoxide'
foils would only'oxidize'slightly.and:thenfremain stable in thickness.
' Fe reported that an 8-pg/cn® 510 foil backed with approximately 12
ug/cmehof amorphous carbon could survivevirradiations of Q.Ol mA/cm?v
for several hours without visible damage = “

Snouse used self supporting aluminum oxide foils that were pur-
posely attached loosely to the holder As a result the foil would notv-
rip as it crinkled in the‘beam With a SO;MA/cm s 50 keV H beam he _
ran & total of 0.8 C through a foil and estimated that 1t could with-
stand up to 10 ¢ without breaking‘ He claims, in fact,=that at such:
low beam levels, the buildup of contaminants on the foil surface would
be faster than the loss due ‘to sputtering and the foils might last
nforever . | |

Sweetman et al. used 5 to 10- ug/cm carbon foils and reported a
1ifet1me of about 0.1 C at 40-kev H' w1th currents of up to 8. mA/cm .

One possible explanation of foil burnup is sputtering, both for-
ward and backward (see Appendix F) Assuming a 5 pg carbon f01l with
20 keV D inCident, the total . sputtering yield is approximately gléggf'

atoms/ton,  An ivrediation of 0,19 cenl omb/omS v{11 have sputtered
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e7:2?x?id}§‘ﬁarticies; which 1s 1.4 pg/em?moraabout'BO% of_ohe‘foil's
mass Thus sputtering is an imjﬁortaht fé.ctor in foil failure. o

| Another factor in f01l burnup is evaporatlon (see Appendlx G)
due to the heatlng effect of the beam. Assume again a 20 kev Dt beam
'1nc1dent of a5 272 carbon foil. The stopplng powe* of the f01l is 0. h5
keV/ug/cm (stopplng powers are taken from Appendlx D) so the beam
loses abouti2.25 keV in the.f01l..:If we have a.lSL-mA/cm - beam and
assume bleok-body radietionias*the;ohly heat 1oss mechanism, the foil
temﬁer&ture in the beam ﬁill be 24590K. At_fhis temperature the vapor

-7

pressure of carbon is about 2 l X lO
16

atm,eu which gives an evapors-
‘tion rate of 6.2 x lO particles/cm /sec._ Atgthis'rate; 30% of the
.vfoii will‘evaporatelin approximately 1 sec. Thereforé, with a beam |
flux of.isé mA/cm2 the foil detefioretion due to evaporetion:is approxi-
mately equal to thet due ﬁo spﬁftering. It oen‘befshown, however, that
in carbon evaporation varies as the lOthvpower of.;he flux and whereas
at high fluxes it.would-be'imporfant, at lom fluxes (i.e.;_thevcondie

tions of.this.experiment) it isvunimportant.
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v CONCLUSTONS - o

Foils:have:three'main advantages overfvapors.for‘use as a chargei
exchange'mediun for;COntrolled7thermonuclear fusion ekperiments; ‘Thesé*
are:‘ | |

| ‘l; -The ex01ted state yield at low energies from a foil is much

greater.than from a gas or a vapor As;can be_seen from a comparison of.
Figures 2 and 9, at a proton energy of 10 keV (deuteron energy of 20
-_keV), the excited state yield from a dirty carbon foil is a factor of L
three higher than that from an optimum magnesium vapor target which
is con51dered to be one of'the best gaseous excitatlon'media.?‘ Among
those tested, ‘the foil material giving the highest yield at low energies
is dirty carbon. This is fortuitous as it eliminates the need for
evaporators,dhigh vacuum»near the foil, etc. 1 | |

2.‘ Rather than being a significant source of contaminants, foils
can.serve as a barrier between good and poor vacuum reglons 22 23,25, 26
The-only contaminants_emanating,from a.foil-are-those particles _
: sputtered ordevaporated Off' This would eliminate the need for strong
differential pumping between the source and the plasma chamber |

35 A foil can be placed closer to the plasma than a gaseous .
target, which may give geometrical advantages._'

However, there are three disadvantages to. f01ls

1. Scattering. a5 ug carbon foil at 20 keV will scatter
deuterons'with an‘rms angle of aboutu2.5 degrees (see-Appendix E).
| This‘is_greater“than;the seattering from'a,gas_neutraliZerpbut_ R
comparable“toithe divergence Of'preSGntvda&'ldn sources,_

‘2. Forward sputtering: a5 ug carbon foil,atjzo keV has a .
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Fonward sputtering yield of 1. 3% (see Appendin,F)t‘tThe’sputterediatoms
havc a mean energy of a few eV, but the charge and angular distributions
are presently unknown. 7 In some dev1ces it might be necessary tov
prevent these cold high 2 atoms from contaminating the plasma. -

lj,” Ebil/burnup:A the limited life of the f01ls will limit their
applicabilit&, depending of'course on the current-they uill haye:to‘
transmitﬁ'.Concerning theifhoenix e;lcperiiner'rt','Sv,zeetma.'nl'O estimated
the minimum neutral beam requirement to be O. 2 coulomb equivalent
This is at the limit of the current capacity of a single foil and
would imply the need. for splitting the beam into several portions and
passing it through several,foils. Each of;these foils would ‘have to
. be replaced at each startup. - | |
Topics for further experimental research would include the angular
' dependance and charge states of sputtered particles emitted in the
forward.direction, the effects of,channeling, scattering of deuterons
at energies'below about 30 keV, better methods of supporting foils; and
_investigation of other materials, | |

Topics for theoretical research would include a complete theory .

of the excited state yields in metals, a. theory describing the yield
in semi-metals at low energies, or a general theory applicable to all

materials.
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APPENDICE:’-;

;A.:‘Theory Relevant to the hxperimental Calculdtions o

_l; Optlcal Method
"There are_two beSic Sets of meesurements: vin tne first, the de-
gxcitationtcounts perAincident particleiare measureu; and the second
is a system_calibration using nitrogen gas. -
'The counts observedﬂti therphotomultiplier'during.the nitrogen
calibration is glven by the follow1ng equation |
(Photomultiplier counts) (system eff1c1ency) X (particle fluy)b
x (1nteract10n cross section) x (gas density) -
(interaction length)
In our system, the 1nteraction length was l 5 cm. Therefore_the
above equation becomes (at room temperature)
| i .Counts/particle = h 83 x 10;6 p |
where .." : € is the optical efflciency of the system
” o o is the interaction cross section'in cm2
bp is the gas pressure in torr
But (counts/particle)/p is Just the sloPe of a stralght line fit to a
plot.of.counts/particle v8 pressure. Therefore, -

. slope
€= 15
4, 83 x10 ¢

iThe‘interaction cross section 1s a combination of. that for
deuteron_impacttand that forbdeuterium atom'impact. These  cross

3

.sections28f37 are shown in Fig 25 and Fig. 26. Thomas et sl. hawe'
shown that deuterium impact CYOES sections are the same as that of
hydrogen atoms w1th half the deuterium energy -

There remains One more factor to calculate in order to obtain '
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~ see Appendix H.
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the opt1ca1 eff:c1ency of the system The ercited’.atoms.in :the”beam
v,are constantly decaying, some w1ll decay before the observation region
and some after 50 we have to. compenpate for the fact that we are not p
observing the- decay of all the excited particles
The l+101 'S 1ine is emitted by the following transitions-
: 6S - 21) S
3:6p -+ 23
| 6d - 2p o
We can assume6 that cascading into these states is unimportant
The probability that an. excited atom will de- excite, emitting |

k101 X radiation, in the observation region is equal to the product of

probability38 that the atom will not decay byany'means before the ob-
region
' servationAw1th .the probability that it will decay through one of. the

above trans1tions in the observation region The numbers appropriate .
to the calculation are shown in Table II Using them, one calculate56
that

-0

S us;ev” 2.3.7 -1
N2 = N(D,) x 10° x ‘ |

‘\[E T
wheref' v - |
| N6O = fraction of»total-beam3in state-n-e 6 at the;exitfofjthe.
| foil ,' | | | PR
:N(D ) = observed fraction of total beam in state n = 6'fv.>>”
'ff E = deuteron energy in keV. | B
A plot of the coefficient of N(D )y is given in Fig. 27 This
coefficient canvbe called a decay correction as: it corrects the observed.:
.'excited state yield for decayvde-excitations occurring outside the ob-
.scrvationvfield orﬂresulting;from other transitions.' | |



. %57’f o
o.vTabiEfii;_oData réguirédto,calouiape décayocofréoﬁioh.

S stété.i De excitation ratg8 ' Tran51t10n." Mean 1ife (sec)38
I by any transition L

05 .*: l 87 X lO /sec '_r‘o - 65‘4‘2P | f{j 3 bi.5 X_ld-é
bp. - 2 15 x 107 o . -6'12'_»—? 2s | '3._573. 1_(577*_’ :
BCE o 18.39 x'lo6 S o '6d“—'» 2p""vf'_'7 _‘f,"é 0x 107"
‘ﬁlstance from f01l to observation reglon _‘l 275 cmi

‘Length of observation region 5 em

"Assume states are statistically populated (in the ratio of:?l+-1)
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The total excited state yield is thereforevgiven.by

(counts/particle) x (decay correction)

(0]
Y = <

o, High Voltage Gap Method

- As can be seen above, data reduction in the opthal method is a
‘long involved process which took almost as long as’ tne data collection
1tself. In the high voltage gap method however, data reduction is
considetably 51mp11fied,vallowing results to be calculated almost
iminediately. N | | o

v Consider, for example, a Bohr atom in state n. The binding

energy of the electron is given by

and its radius is given by

- If one imposes an external electric field of such a magnitude that an
electron gains W eV while revolving from one 51de of the nucleus to the

other, i.e:

(where b is a constant), the atom w1ll be: ionized. This is.thefprin-
‘ciple of the high. voltage gap method. *For the'Bohr-atom wevfind ,

o o _13.58 ev_
| 2‘x”b.5292 R

= 1.28 x 16° KV/cm

The Bohr atom approach, of course, 1gnores tunneling A more

accurate calculation, assuming a statistlcal d1str1but10n over substates

and using the data of Riviere39'gives
E. ’+29x105 kV/cm

n



Tor3tfahsifidn timcq endthe erdef of‘blo_lo to 10—9secende‘
As will soon.be shown, the ‘results will not be far Aoff if we do, how-'
'ever, assume’” that E- b/n | o ‘ f; |
- Tor analyze the gap data, what is needed is a relationship betweenf -

the measured current and the vqltage across the gap._. he . current results
1from theaiohizafion[éf the excited_states,‘ee firet wé,vill deriveefhe
feletiqnehiﬁlbetween theﬁcurrent.end»the_stete{ we wili_aesﬁme (aceofdf
ing to the theories of TfubnikoQ.end'xaviihekii7-and McLellandS)'that
the reiative populations o: the farieus n'stetes are propertional«to

-3 . o O | ! | ‘

n 7. Therefore we write
a2
dn "0 3

where a.18 & constant. 'Integreting; ve get

Since 1/n = 4JE/D, ﬁe heve.I Ea/(Q\/—ﬂ\f—,'where I-= fraction of
'neutral beam which has been ionized in gap and ' E = = electric field in
gap (kV/cm) ‘

: The data of Riviere thenrgives b= 6.8 X 105,e Therefore

61x10 af. ) | B

lHad we not made the simplifying assumption that E h; the'eqﬁafioh;
would have been ) -
. ' I - 5. 62 x 10 h 20 524
At 25 keV the simplified equation differs from the more accurate one: by
only,i.s%. S , o

Neither I nor E are measured quantities so let us define'the‘-_
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rollowing:

= the voltage applied to the gap (kV)

IS =‘the‘Curreﬁt of ioniZed particles produced by’the gap

I~ = the equivalent neutral current passing through

the gap

o+ ' ' o
1,17 the charge currents measured at thelr
’ respectlve Paraday cups
| I%OT = the charge current measured in. the neutral cup
. with the deflection voltage off

We can now write

'E;= ) A where c = constant of geometry .
- I
a8
I=—6
and therefore ‘
: 0
I+

—= 6.1 x 1o a1’ ,/'
Al
.Thisfie'm, the slepe of’the curve.plbtted by.our_XQY plptter.
Thérefdre; |
_ . m :
. 61 X lOl IO /c-

1° is dbvibusly:giVén by

0
%=1t EI'T'
where = .- F = neutral fraction of beam -
IR , o
F =_positive fraction'of bean

T = transmlssion of grid assembly ‘
FO, as in the optlcal method, is measured by taking the ratio of
the neutral detector readings withzthe deflection voltage on and off.
© This is the_only measurement-requ%ring avpulsed,beam, all other_

® » . .
measurements in the gap method cdn’ be made with a D.C. beam.
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.The transmission is given by:.

lpop

If;¥;.vc

e
pf is- not measured dlrectly but 1s calculated fron;f”
F +F ¥ F =1 :
" combining, we get

and finally, . -

. we also have .

‘end therefore =

oL m et T

'0'132“/6”"IT0T T + I

Due to the small dimensions of ‘the high voltage gap grid assembly,

it would be dlfflcult to make an’ accurate direct measurement of c,' -.? B

therefore, 1t was measured indirectly as follow3°

As can be seen. in Fig. 28 there is & low voltage break point at?;{;E S

' fwhich the plot 1s no longer a straight line This is due to the ionb-?:“
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28. A typical high-voltage gap measurement madz with 71.8-
'kéV deuterons out of a_barbon‘foil. Curve A: %.7.x 10-8 A

vbeam’Out of a "dirty" foil. Slope from 1.5 to 3./keV =

S 6.15 x 1071t A/A/KeV. Curve B: 2.25 x 10_8 A beam out of

thevsame foil with a layér of clean carbon deposited on the
exit surface. Slope from 1.5:to 34/kevV = 3.1 x lofll_A/«/keV-

The range from 1.5 to 3 ykeV corresponds to an eélectric field

: of fangé 7.5 to:30 kV/em or a range of n from about 18 to 12.



o ation of hlghly excited atoms by the deflection voltage , Thése atoﬁéliéfj}ri{f'

are then swept away with the charged beam and do not enter the gap
‘Fjgure 29 shows a plot of the. break p01nt voltage Vs deflection volt-v*
age,_ From the slope of th1s curve, we see. that 1 kV on the .gap has the

'qame "1on121ng power" as h 08 kV on the deflectlon plates A two

dlmensional plot of the field between the deflectlon plates showed ‘fi"; h;';

hihat field to be 6&0 volts/cm per kllovolt of applled voltage - Thus
Vwe see that 1 kV on the gap is equivalent to a field of 0. 6h X h 08

'2 61 kV/cm, and ¢ - 2 61. Thus, ve have

SR TSR T Ao A 2
c Lo T I T

‘It should be noticed that there 1s no decay correction. This is due o
'to the fact that the high voltage gap os sufficiently close to the '

'f01l to make the decay correction negligible.
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ionized in the deflector. The line shown is a leaét sduares

' fit to the data, ignoring the circled point which is obvi-

ously in error. The'fact,that the line does not go through

the‘origin isvprobably_an_indication of a,systematicverrof‘ o

-1n:the measurement of the bréqkpoint;- At-most,'this would

inffoduce'a 2% errorlinvthe'excited state ylelds.
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‘ Bf Sample Celculations

1. Optlcal Method - : SRR h .l

| (a) Determnne ex1t energ& and f01l thlckness | |

| f Accelerator potentlal 60 14 kv '-:':il_fr-v' ‘__ | a ‘d; S
Deflector voltage ‘without f01l lO 9h KV | |

- JA”Deflection voltage with fOll 10 ol kv
10.04

Energy at exit of f il = To.o% ¥ A60115-? 55419.kV"~' SRR
Energy loss in foil = . = 60. SUR 55.19 =

h, 95 kV

0. 62 keV/ug/cm

Stopping ppwer‘ofpfoil_

Thickness of foilrd' o
(b) Calibrate integrators on charged particle detectors
Wlth electrometer set on full scale, an integration time
of lOOlsecondS~gave anvintegratOr reading of 49.62.

100 sec

Integrstor‘constant; —_— o (< R — -
S B 49.62 'x 1.6 x 10"~ 7 coulomb/particle

_'= 1.26 x 107 partiC1e/ampere,
Note thst- lntegrator constent x reading x electrometer scale =
total particles reaching detector

(c) Readings with thl R filter and deflection voltage on

Time (beam on) _' ‘_ S 22 007 sec
Time (beam off) R ': , ll9;285 sec )
l’hotomultiplier_counts "'(beam on)  kL7ohg »' | . )

 Photomultiplier counts (beam off) 6L o |
Neutral detector reading : 1,O;Afiﬂ

: Neutral detector scale Lo 2mv

b,Positive beam detector reading 12.83

_ Positive beam detector scale - 10 x-loéS A
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(The negative_béam was not recorded as it was sufficiently small to have
an inqignificant effect on thé calculation).

a) Readlngu with the deflectlon voltage off

Tlmc (beam on) S _ S 31.788 seconds
-(beam_bff) _ 3 :'vr_-' R ’ ,27,853 seconds
Photomultiplier coﬁntS'(beam on) . + 584k0
' " (veam off) &
‘Neﬁtral detecﬁgr reading o R k o 1
| scale vA_ f‘ S . ,- 5 mV-
. N g 22.0 .
~ True counts (deflector on) ;,h72h9-l9 3 61 = 47179
_ _'(deflectbr,off) = 58440~ g% S 86 = 58342
0 o 1x2x58342
F = Keutral_fractlon = SoxiTo - 49.5 percent
'Neqtral deteétor calibration constant
12. 83xlelO ey 26%10"7x 58342

X = i7l79 = 7.9 x 10%°

(1= 595 x5

Counts per particle’in the totel beam leaving the foil

583&2
lx5x7 91x1012

PR | 1.475 x 1072

Now, the 39lh X filter was inserted and nitrogen gas bled 1nto the
analy51s chamber. the samgvdata taking and‘analy51s-procedures arev
followed; the data'énd resﬁits.are shown in Table.III. Figure 30 shows
a plotAofjthe counts/particle vs the nitrogen pressure. The finite net
coﬁhting rgté at zero preséu;e is observed in all'tasés and is

attributed to Hg‘décay photons from atoms produced in the foil. The

straight line shown is a least squares fit and has the equation

Counts /particle = 0.97h x 10'““x pressuiebé 0.343 x'lO-lo



- TABLE III

- A sample nitrogen calibration showing data and results

DATA  RESULTS
|
- Photomultiplier : -
. - Neutral |- N
Time (sec) ~ Counts | Positive beam detector -
R o ' | Detector - '
Pressure Deflection beam beam SR ) . |reading Counts
. b o . e : ' sca.le(mV).- Particle
(torr) Voltege | on - off on off | | - . e
o | L _reading 1 .
. 8 | ov o 22.1481 | 19.69% o515 | 1| 2 {128 |10x0™8) s1.e8 [2.00x10r
. 6.5x10 ~ ‘ ' U I o S
' OFF | 29.927 [ 26.009 ‘| 1085 | 2621 1 | 5 . _ 0N
. £ | o 21.681 | 18.972 6517 W71 ] 1 2 12.85 10xlo'_8 - 49.3% 1.87xlo’lo
2.25x10 1 . ~ R o - S _ :
| oFF | 30.187 | 26.330 | 7731 320 | 1 | 5 | RO B |
el oo | aom 19002 J1ams] 239 | 1| 2 |12.93 |10x078 si.ep 36100070
4.25x10™° | , S D _ o - ; S
' . OFF 30.792 | 26.969 | 16105 308 | 1| 5 | : .
sl ow |ezusk 19670 {12239 | 1 | 2 |12 |10x078 s1.0% |5.60x1070
5.95x10™ | . Y R | | .
' ~ OFF 30.878 | 27.031 | 25228 | 357 1 5 _ e
| < | ov | 23.200 | 20,10 [30088 | x80 | 1 | 2 |12.70 | 1ox1078 su.7 | 8.35x107L°
19.0x10" o E o . 1 R Rt - PHLD
: | OFF | 31.825 | 27.809 |L4o725 | 349 | 1 | -5
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391&2 counts per [1010 (H* + HO + H'ﬂvdctccted

op L “ Al. R . : L
o 2 4 6 8 . 10
Nitrogen pressure (x106 torr)

. XBL 7012-7442
‘Fig;v50. A sample~calibfation:ofvthe oﬁtical efficiency-using the

391& £ vand head of Né*.'hThe line shown is a ieast'squares fit.
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The olopé'ofofhe lihe:ih*Fig; 30'is'therefore

. d(counts/partlcle) —»N-83vx 1016 '

d.p B v€0
 0.97h x 10’ * 2.2 x 1072
. €> ='_“‘ “"
h 83x10° 6 o

To this'wéﬂmust'add the relative'efficienciesyorof the two filters

which are’
e RS
MIOL _ ) s
"ok L
2.2 x 1079 2.93 x 1072
€ x 1.h5 = ——
’ o o g

From Flg 25 and Flg. 26 we - see that at 55 keV the interactlon cross .

sectlons are approxlmately

- 5.5 %2077 en®

B h |
0= 2.8 x 10-17'cm? o
D , .

Sinpe'the neutral_fractiop is 51.9%, the effeotive_cross'sectionvis
=Fo o+ (1 - )o , = 4.1 x 1077 o
) ~.-D _

Oerf

In theoaboié oalcolation,yo have assumed, in the ébsonce of any data
to the,conﬁrarj, that theoorOSS oection for D~ impact is the same as
for D+ impact. Only in the case of low energy beanms through magne31um
does D form a SLgnlflcant fraction of the emerglng ‘bean.

Thus the nitrogen calibration glves the optical eff1c1ency of the

system to be
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= 7.15 x 1077
From Fig ’( we see that at 55 2 keV the decay correctlon is 170.
We have now accumulated all the data necessary, and get as a result

1 - (coun§§/partlcle) x. (decay correctlon)
6 T . €

1.475 x 107 x 170 B

2. High Voltage Gap Method

USinguthe data in Table Iv, we cén analyiefthe curves in Fig. 28.
First, however, we heve.éo ﬁake one,sliéht correetiqn to the formula
given in A@pendix A. ‘Since.the.beaﬁ cﬁrrent might'cienge between the
time the currents were measured and the time the XfI recorder plot was

0]
made,'we replace ITOT Y-

I

e

0
TOT

H

Where I: 15 the positive beam current at the time:the“curvesiwere.
plotted. We have therefore

Beam energy 75 3. E%—éé 71 8 keV

For a dirty carbon foil -

i

o _ 2 2
A
- : -10
T ) = —E0 (e 5’+8) = 0.624

B APS . 9x10 lo+5xlO

e}
1]
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. ““Accelerator Energy

' Deflector Voltage with foil

LT
Iror

.Néutral .beflectdrvdﬁ_f'
Deflector OFF .

_Detector
(From Fig. 28) m -

Ic

5x100

a5 x 107t
: 3 ;_:"

b7 x 107 - 2.25°% 107

 without foil ~

. Dirty Foil . =
o 8 -

10

8

R

B 33;§"i'10':.;
1 1.65 x 107°

3.Lx 1077

(T5.3KeV
v’15.61_,xgy-.“;
'v16,38-,xéVj'"‘

1
1

| Foil with Layer
. .of Clean Carboa .

2.25 x 108

10
8
1.0

2.15

11
8

Data Aés9ciated'witn'Fig, 28”
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11 1 - 0.465
1

I

,h{69 £'3;1 x 107 : —
: 1.65 x 10~ x

8

. 2.25x 107" - 3.8 x

-

8 2.25x10°
2.25 x 10'8’¥

10-10

X - _'
2.25 x 1070

0.00455

M

3. Foil Burnup

+ 3.8 x

10710

In a sample run,_ﬁhe‘following data were“collected&

Beam energy

»15 kvvv  o

"

. Beam intensity 0.55 A

Beam sPot.Sizq"

]

‘“_VRecorder ¢hart speed = 4 in. per hr. .

 Chart length to. break= 6.88 in.

Therefofe~
s 2 i o
= 0,02 cm2

. : 2
Bean aren - T - 2% (2,54/16

6.88

" Irradiation time = -

0.55 x 1078
.08

x 6200

Total charge»through,foill=

o

1/16 in. diameter

= 1.72 hr = 6200 sec

='O.17_coulomb/cm2’



e Estimates'ofiUncertainties'

1. Optlcal Method

The uncertalnties 1ncurred 1n this methodican be div1ded into
data errors and systematic errors. The former wouLd include statis-
“tical errors in the count_rates (~ l¢),'1n'thé neutra1~fraCtions (a 3%);,
:in'thevpositiye beam electrOmeter and integrator_(~i5%); and’infslope
‘errOrs'from;the nitrogen calculation (~ 10%)

Systematic errors would include the measurement of the interaction
length (~ 10«’), the calculation of the decay correction (~'15%), the
reported values of the 39lh £ nitrogen excitation cross section (~ 30%) (see |
appendix H), and the: measurement of the relative filter transmissions (~5%). |

Thus the total data random uncertainty is *12%, with a p0351b1e
systematic error of +35% At low energies, the data errors- would tend -
to increase for several reasons: (1) F 1s large s0 AF /(l -F ) will ’
be 1arge, (2) F~ is large 0. the error associated w1th 1t has to be
added 1n, (3) ‘beam” currents are small due to the 1neff1c1ency of the
»accelerator at low energies, and hence'the quality of all measurements
would-tend'to decrease; (h) therapproximation used indeyaluating’the
- decay - correction is less valid ‘and (5) the error 1n the nitrogen
exc1tation cross section is greater

- 2. ngh VoltageAGap Method

'Since integrators were not used, the errors in meterlreadings
will tend to be greater in this method, The data errorsjare neutral
fraction_(~ %), Ing5(7 %), s10pe'of,x-Yfplot'(~ lOl), errors in
charge'beamlmeasurements?(~ 34). This latter quantity is usually

small as charge measurements always appear &s. ratios f
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Systemetic errors would include'thOSe.in'the meesurements of .
b and c. For b I w1ll ‘assume +20% based on the - con51stency of the

19,39, 1

results of several experlmenters, 'so the error in J%-is
ilO%. The'geometrlc factor ¢ is the result of two measurements, each
of which.wouid Have a possible ld%'efror so the error in ¢ is ~14%
and the error in /< is ‘17%." | |

Thus the total rahdom'date errors are +14% and the total systematic
error is *12%. Aﬁ lower energies the error will.be“greater because
(1) FO is large so AFO/(l - FQ)'will be large; . (2) F is large so
(I+ - I—)/(I+ +'I-) will have a'larger error; (3) IgOT Wiil be small
due to the cancellatlon of the positive and negatlve beams - and will be
greatly affected by small steering effects, (h) beam currents are small
so the quallty of all measurements is poor, (5) n01se pickup becomes
comparable'to the'ionized current and hence thevslope measurements

become poor, and (6) the gap voltage is comparable to the beam energy

and hence large steering effects occur.



. D. Stopplnp Tower’

The stopplng power of a target f011 is deflned by the equationue

AR |
- Ei = NS,

'dhere N 1s the atom dens1ty of the target and S 1s the stopplng cross
7'sect1on per atom. In the energy range of . 1nterest (< lOO keV), S can
|  be written as the sum |
S—S +S
where S represents the energy 1oss to electrons in the(target and Sn
represents the energy lossvto recoiling atoms. | |
Sn'is small comneredfto Se but'becomesbmorevsignificantdetdinci-

dent velocities below vy = e2/n, the velocity of the first Bohr orbit

, . : _ . _ c b '
in hydrogen (25 keV for‘protons). Van Wijngaarden and Duckwortl — give

the‘folloving'equEtions forfthe'stopping.crOSS'sections

56l 2 A2z BN
S = 2y 1|8 30\ Ly e
S R Z Z, ) ae 1940

, where Z and Z, are the atomlc numbers of the 1ncident particle and

2
”target atom, respectively, ao is the Bohr radius, E is the incident
perticle ‘energy, and E' is the kinetic energy of the incident partlcle
when its speed equals]vozlelj,tand »
T U - N N . -
Sn =271 — e. ' In | 5 E P
: : ‘ 1
Mé ..E , LZlZae M + M2

where M1 and . b42 are the respective msses of the incident pa.rticle -and

jtarget atom and a is a screening parameter given by
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0. 8853 a4

"More deteiled diséuésions»of'stopping power can be found in Refs. b3,
4, and U45.

‘Three)common units are used‘in:reporting stopping_powers, namely:

- kev eV . ev
= y o m——s, - and — .
ug/cmav 3 ﬁatom/Cmg -

They are related by .

1 KeV-cn® _ 109 W ev-cm2
ST ug - T N atom
" . keV-cm- ‘eV
l1———— =104 —
e 2129

~ where. W is the atomic weight of the target atom, N is Avogadro s number,'
and 4 is the density of the foil in gm/cm

In Flgs 31 through 36 I have plotted the available stopping power
datahe 46-62 for six different foil materials, u31ng the above: conver-
sions where necessary in order to use the same axes for all curves. In
some cases, as for instanCe S carbon (Fig; 35} and copper (Fig. 36),
thereiis'good agreement'emeng_éhe varioﬁs experimentere but others
(gold, Fié;ejh) show as ﬁuch-as'a'factor.df 3 variation in-reported
values.  In an attempt to miniﬁiie.these errors; T plofted the stopping

power vs 7, at several‘energiee;end drew smooth curves through the

2
- points (Fig. 37). This graph is also useful for obtaining reasonable
values’fet the‘stoppingmp0wef in foils_for which defa‘ie;questionable

or nonexistent. The region between Z = 47 (silver) and Z = 79 (gold)
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- SILVER

- A-MORITA ET AL.
ko -TEPLOVA ET AL.

L1 1.2

. B-GOTT AND TELKOVSKlY |
L C'-BATZNER

?CMéééG)j;  . E1f;§;mf'-;3 ;,j iH, f

- e

| STOPPING POWER  (KEV

55 VR N ST ST A W

LN EXIT ENERGY (KEV)

o Fig 31 Stopping power of silver foils for protons A, Ref ll-6

v; Ref u7, B, Ref h8 c, Ref. h9, D, Ref 50 g :

LKoVSK 11 AND-PlsIUNQVIcnff

2 5 ETR .»VZO"7_T‘50f u1OQ  f: 

XBLT0I2-4259  )’**“
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~ 5
-~ T
a
gl
e
S
Tk
R
B ALUMINUM
Py o "A-MORITA ET AL -]
<F  V-TEPLOVA ET AL. ]
= B-BATZNER ]
a | C-WHITE AND MUELLER 4
o L D-ORMROD ET AL. _
= T E-WOLKE ET AL. Ny
‘= F F- ALLISON AND WARSHAW _ 4
?5 i . . . d»
-
(75
.01 l‘ i o3t 1l . L [N U T |

1. 2 5 10 20 50 100
o H* EXIT ENERGY (KEV) '

_ | XBL7012 - 4zso
Fig. 32. Stopplng power of alumlnum foils for protbns A, Ref. L6;
v,_'Ref_. 475 B, Ref. h9, c_, Ref. 51; D, Ref. 52; E, Ref. 53;
' F, Ref. 5. The data of Ref. 53 for tritons is pl'-ot@ed at

oneffhird of the triton energy.
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j(ggv4cm‘4gé):] 

ALUMlNUM UXIDE

A VAN WiJNGAARDEN AND
DUCKWORTH

-HART ET AL.
C HART

*
e

T L e

T
I i

- STOPPING POWER

-

;d1p'“f_" 1 'L; .' caaal l:lo 1 1 ;;_1'1'1 1L ‘ov,;- :
Y 2. 5 10 20 50 100 .

- H EXIT ENERGY (KEv) R

- o xauouz -a261

: Fig 33.'. Stopping power of a.luminum oxide foils for protons

' A'; Ref 52;" B, Ref. 55, C, Ref 56
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| XBL7012-4262
' Fig3‘3h. ;Stopping'pOWEr of gold foils for protons. A, Ref. h6j'

"V, Ref. U7; B, Ref. 49; C, Ref. 56; D, Ref. 57; E, Ref. 58.
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- Fig 35. Stopping ‘pover of carbon foils for protons A,'Ref.‘hé;'

: B, Ref 59; C, Ref. 60; D, Ref 61
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Fig. 36. .Stopping power of copper foils for i)rofons. A, Ref.-vl#6';_ :

B, Ref. 49; C, Ref. 58; D, Ref. 62.
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Fig. 37. Stopping pover of foils as a function of the atomic

riﬁinbé_r of the target and the, dincident beam energy.
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is of questionable validity due to the large range of variation in

the gold data-
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}'iJEiv;Scafﬁering from fbils :

In»tﬁé‘energy range of interest (< 100 keV) there is né adequate
Eheory'for‘deSCribing scétterihg frém thin'foils.63 vMbliere theéry is
ﬁb£ épplicable due to‘éhe Ipw,énergy6h and ﬁuthéfford scéttering th;ory
déeén’t.éﬁbiy‘ﬁécéusévfﬁerebié some multiple scatfer;ﬁgu'.ln this
section, therefore, I‘Shaii try‘tb find‘ah empirical relation between
.reporfed-géattering dgﬁa}ri | | | |

Gott and. Telkovskii65-

have studied'scattering of protons and‘
deuterons - in the energy range l 8< E < 36 keV through a2l ug/cm
51lver foil.: . Assumlng 8 Gauss1an distribution

oo - o

20? '

‘£(e) =

QIO

where « ="(.'9'?')l/2 =. rms Scattéring angle and using arguments based on

the 1nteraction potential they. obtaln

2 O 51e° 8 Za(M1+M2)nd 2 cos 9/2

R 2 S sin o2
where '
‘e = electronic charge
a = R
(o 2/3,, 2/3\1/2
(Zl +‘Z2 ) s
3, O = first Bohr radius.

Zl Z2,M1 Mé = atomlc numbers and weights of inc1dent ‘
particle and target atom respectlvely

=
]

atome density of target

o7
]

-thickness of:térget_
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- E :_incidenﬁ particle energy
ﬁ :
2 '
g e Coszez a9 = 8 \S¢ d(csc ¢) 9.57
w

s~ sin e/2 . o x/2

Ifnwe—let.w‘be-the-foil thickness in ug/cme'then obviously
nd ~ %’4’—-
-

and we have
_‘i.g,!!.
/MZEJ

Insertlng the proper values for a 21 —7§ 31lver f01l, we get
- . -em
lZS/J

(o in dég’rees, E in’kev) HEbcperimentally, however, Gott and Telkovskii

report that thelr data is better flt by
38/ J

Adding the W dependance‘this becomes
.W.
= 8.3 [
3/E
Bogdanov and Lebed.ev63 ‘have measured the scattering of
15 to 90 keV protons in thin nickel f01ls - For foils in the thickness
range of‘ll'to 30 ug/cm, I have found thatitheir data fits the

empiricai form’
- (o) = exp(-.l38v% 8)
(E in keV, W in E&;, © in degrees).

2
cm
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From this we- find . = g ’V“Ies' o

| ‘v a =/’§—2—‘ zv"l(lv;QS_'v% degrees.

Note the difference in both W and E dependence between Gott and Tel-

kovskii's results and Bogdanov and Lebedev's. The difference in “

.magnltude 1n_the,reglon‘of overlap, however, 1s notdthat great, as

can he seen in.Fig '38.where Bogdanov and Lebedev's results are shown

withW = 21 ug/cm to correspond to Gott and Telkovskii's silver f011
Wax.and-BernsteinEO have measured the scattering through very .,

thin'(2'tofug/Cm2)*carbon foiIE'in.the energy range'3 <E 10 KeV. In

this range; their results can be written as =

259
1/2“ E

| e
fwhere é"/e is the half-angle at the half-maxlmum of the distributlon
‘(degrees) and E is the incident energy. |
If vwe assume a weight of 3 ug/cm for this foil we would have'
| é,]_/g = v18.'.8 %

whichrlsjlarger than Eogdanov_and hebedev‘s results.and considerably -

larger than Gottvand'TelkovskiiFs. The main dlscrepancy hinges on
1whether the energy dependence of the mean scattering angle at low ener-

gles 18 E 1/2 as used by Gott and Telkovskii or E -1 as used by Wax and
| Bernstein; Unfortunately, there are no other data in that energy

range nor any theory which extends to those energies.

At higher energies (E > 75 keV) Bednyakov et al. 6h 66 67



rms scattering angle

(ceg)

A - Bogdanov and Lebedev 7]
B Gott and Telkovskii
Bednyakov et al. 7
poee L
= -

] | I I | l ' | 1 3 I NS T N |

S ~ H* exit energy (keV) = '

XBL 70i2-7447

Fig. 38. Rms~scat€e;1n_g*an~gle 'A;f prbti,;avnv‘t;ams in a.n.E‘l.ug/cm2 silver
foil vs energy. A, Ref. 63, extr'avpolated usihg the formula |
’a=JO£5wm§B,Rﬂﬂ6% @z@m.@hf%,¢m§7émn@dmkd

| using the formula 61 /p = 11.4 zl/uwg/B/E.
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have measured.SCattering from foils of carbbn, aluminum, and-copper.

AL these hlgh energles Mollere s theory applles and the authors report o

(ood agzeement between experlment and theory An.emplrlcal fit to

.thelr;data glves
B : ';g 3 -ll u Zl/ll- wz-/3

12 T E

where in this case E is an average energy of the proton in the foil

CE=VEE
. An.ayerage'Was‘uSediln this case, as.some of the foils in the
experiment were as thlck as 570 ug/cm {'""

This emplrlcal formula 1s plotted in Flg 38 and 1s seen to
correspond closely w1th the results of Bogdanov and Lebedev;~'several‘
points howeyer, Should.be'noted;wairst, the Bednyakov'etval{ data is
in the:forﬁ”ofiei/é'andinot?a;‘ The relation hetween these angles,is a
function of the distribution and for a Gaussian it is |

.v 'Ql /2 = l 18 o |

»Next, 1n the energy and f01l thlckness range of interest, several

ffects take place which would limit the appllcablllty of any
empirical-fdrmula.f At low energies, protons lose a large fractlon'of
their energy in thevfoil ‘making the"scattering a stronger-function'of
vthe foil thlckness than expected. For thin foils,_the scattered .
spectrum is a mlxture of small angle multiply scattered: spectrum and
a large‘angle singly scattered spectrum.68 This mixture is also a

‘non-linear function of foil thickness.
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F. Sputtering from Foils .

2 - ' o ' .
Robison } has developed a formula for transmission sputtering

1rom thin foils by'mbdifying the backward sputtering formula of

Gl

Pease . Peasé assumes that each incident particle will produce a

- number of "primary knockon" atoms, each one of which will displace -

more atoms from the foil lattice and this will continue until either

the atom escapes the foil or its energy is degraded to the point

-where it can no longer displace atoms. . The number of sidplaced atoms

produced-per:primarybknockon is épproximately,

Im:ﬂ

4”2,
where
Eq = lattice displacement energy
2M1M2, 
1 M)
Ml = incident particle mass

&

target atom mass ‘
' : oy o 65
threshold sputtering energy from Wehner ™

B
i

E -=.averagé energy of displaced particles

3 (Emax-*-Ed)
MM,
(M +'M2)2

E.
0

max

t=f
]

incident ion energy . .

s’



;ge_a?

The effective collision area per atomic layer is

; Gd'h02/3 o

vhere

displacement cross section

: 2
- v:‘vvra.A EA <
T eE’

- Z(M + M) _
By = —Tzlz_ RH

Q-
"

@Io

RH = 13.6 ev

e, = first Bohr radius
B (.23, 23
a 1 ,ZZ ’

e= 2718 .. ...

n = atomic density
Assuming'the atoms lose % their energy in each collision, the aVerage
énergy_éfter n col;isions_is

(B = (3" E

n

'Eventually, the energy will be below the sublimation energy at’ the

'surface, E . This will take B
: ~log (ﬁ—)
n =. 8
. log 2

colliéions. Assuming the c011151ons are a random walk process, the

number : of atomlc layers taking part is

—_— L
N = 1+ n?
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wvhere the inéident surface layer is considered separately._ Thus, -
Pease's formula for sputtering yield is

= : : “f log =—
S =% EL‘vU n02/3 {;_+ By

- L \ g

El

.The_extfé faétor‘of l/2'accoﬁn£s for.the’fact:thatAl/E of the atoms
wiil be.gbiﬁg the wrong way.

Robiéon modified this fo%mula as follows fq adapt it to transmission
sputteriné | N - R | ) o

a) ’conéider energy loss in the foils by redefining:

-.hMle.

E =—2% _ B

max . 2 7 .

(My + M)

e N
o, = 1l - ——

d eE, - E_.
f max

E. = exit énérgy'of beam.

f
b) The value of E_used by'Pease 18 the energy transmitted on COllisiqn;

it should be'reduded by the energy loss in displacement, i.e.

. Emaxv+.Ed_ . E - E
E s———————— =~-E4 =
: 2 ‘ 2

c) Add as a multiplicative factor the Beam loss due tpvscattering'

e A
.Eo + Ef v

T = foil thickness, A =
B n o

d °f



<9

afd);.PeaSe‘sxcluded.the pfimary knockons as they Were'headed in the -

wrong direction. Therefore the factor EL—fshould be replaced by

el
- 2F
E
Lo+
2F
d
Robison's‘fbrmula'is then I : C 1
: A _ a1\ L o
: : / _Nd [ loe )2l T
g1 4 2 3 E s - =
S=39%™" (l M= D R v e M

4 this formﬁla agrees with experimeht to

within a factor of 2. 1In the incident energy rangé S.<'Eo <20 keV -

In the ensfgy range E>E

and f01l thickness range 100 < T< hOO ug/cm for sp uttering from a

gold f01l by deuterons, Rdblson s equation takes. ‘the emplrlcal form '

5= 10‘3 (11.1 + 1.26E - 0.0337Eo - 0.0373T)

Roblson 5 experlmental forward sputterlng results are shown in Flg 39.

He showed that the backward sputterlng yields are about tw1ce as large‘

]
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Fig. 39. Forward sputtering yield for deuterons on a gold foils

a5 a function of exit energy (from Ref. 27).'
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G. Evaporation’from a Carbon Foil

Td'ﬁaké-aﬁ estimate of the.eVaporation raté from a:fdil,-we will
assume'that'the only heat loss mechanism is black body radiation .

From Appendlx D, we flnd that the stopplng power of a carbon f011
’for 20 keV deuterons is 0.45 kev/ so that in a five mlcrogram f01l,
: the beam w1ll lose about 2.25 keV(.:m Thus, for -a beam of mA/cm , the

: energy dep081tion rate 1n the ‘foil 1is glven by

ergs,

2

M, =2.25x100 ¢
: L K .o cm sec |

- galn
Since fhe energy is radiated from both sides of the.foil, the energy

loss rate is given by

where e =~ 0.85 is the.emiSSivity.of graphite; Equating these we find
thevrelation

- T& = 2.33 x 1000 ¢

for T-in,degreevaelvin.
7Table V shows the vapor pressureg& of~éarb0n in fhe region from

- 2000%k tov2600°K. A rougp fit to that data gives

O_1A3 Lo.2

P = l lll x 1 atm.

Converting to more practical units, we have

157 MO 2 dynes .

cm

P=1. 126 x 10

‘Making use of the relations
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'

Table V. Vapor Pressure of Carbon (from Ref. 2L)

o (%) : Vapor.Pressﬁie-(atm)
2000 o ~ 6.00 x 1071
2100 f 520 x 1070
2200 376 x 1207
2300 . | .30 x 10'8
200 -  :- 12 x 1070
2500 |  5.60 x 1077

2600 | a 2.32 x 1076
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P = nkT

= _ BT
v ——
N

and aséqming a stickihgvprobability of unity, we find that the evapora-

tion rate is -~ - |
o %Xi= 12 P
' ‘Yﬂka _
-118 T39.7 atoms

= 1.71 x 10
cm -sec

6r_inf£erms of the beam flux, the rate is
- 1.29 x 10'§’¢9‘9V_EEQE§_

2
cm sec

_ whieﬁliéea;very strong funCtioﬁ of the flux.

e From the foil'burning experiments we see that remoréi of about .
30 percent of the foil by sputterlng is suff1c1ent to break the foil
In Fig. hO I have plotted the tlme necessary to evaporate 30 percent
of a 5. ug carbon foil in terms of the 1n01dent flux. It can readily :
be seen that at the veam levels of the experlment (0. 03 to O 3 mA/cm )

evaporation was’ negllgible.
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Fig. 40. Time to evaporate 30% of a 5 pg carbon foil vs ‘incident

Bea.m flux.
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H. Analy51s of Published Data

on 39lh R Emission Cross Section

‘As can be'seen_in Figs. 25 and’26, there is a wide distribution . =

in the values-published for the 39lhrg'emissioh cross section of molecu-

w

lar.nitrogen.v;ESSentially all of these curves have the same shape so
the discrepahcies trobably arise'from some systematic error that
entered'intostheir‘calculatiou independent.of'energy. A possible -
source’of this error is an~improperly calibrated standard light source. I+
As the emission cross section enters into the calibration of our opti-
cal system in the opticaljmethod, it isinecessary for us to find some
average”value of>this set of curves. Since'the curves‘all have the
samevshape;'we decided'to'average:the cunves'at onebeuergyv(60vkevj
and then draw an average curve through that p01nt Figure by shovs
the 60- keV values for five absolute measurements v1th their respective
quoted uncertainties. In general | the meaning of these uncertainties
wasvhoti given. Also shovn’are five different mean values; as these
different means differ by over LO%, I will_explain'the meaning of each
and justify-mv choice of one of them.

A'uaive‘choice would lead us’to one of the un?eighted,vheans.
By takiug an arithmetic mean, one implies that the function being
averaged is best represented on a linear scale, that negatlve values

of the function are possible, and that a value of O. l is much closer

| TR

to zero than it is to 1. By taking a geometric mean, one 1mp11es that
the function being averaged is best represented on a logarithmic scale,
that negative values of the function are imposs1ble and that 0. l is

closer to 1 than 1t is to zZero.
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b1, 60-kev bfoton impact 3914 R emission cross section
as measured by five different experimenters. The error

tars represent the reportéd'uncertainties. The dotted

- 1lines show mean values obtained by the folloﬁing methods:

A, UnWeighted arithmetic mean; B, arithmetic mean weighted

by the inverse sguare of the: relative uncertainties; C,

~unweighted geometric mean; D, geometric mean weighted by

ﬁhé inverse square of the‘rélativé_uncertainties; E,
arithmetic mean ﬁe;ghted’by the inverse square of the

absoiufe uncertainties.
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_.vincu. ﬁowcvor, we-do have some error informatibn, although‘wé

Gy :otfknoﬁ'ﬁﬁat.lt means, we should make u;c'of it. 'There ;re‘tWO
paceible wgigﬁting mechanisms; when one veights by the ihvérse_squafe

o?ﬂthe absolute error, one implies that an.error 6f orie Unit should
hive equél‘weiéht whethéfvthe'meésured value is 1 i'l or 10 = 1.
v : e - . i
Combined with an arithmetic mean, this gives the proper weighting for
statistically distfibﬁﬁed processes. When one weights by‘the inverse

square of the relative error, one implies that it is the percentage

‘error that is important. This is the proper weighting for a geometric

mean.

:From'fhe natﬁre Qf Cross section'measuréﬁents and from the fact
that the_diétribution of points in Fig. bl is deﬁermined'by a
systematic éir6r apd not a stgﬁistipal_errqr, I‘have-decided.£o_u5e
a yeighted gcometric mean. | |

The equation for such a mean is

GM

it

where

Wy T '. R
- (percentage error in xi).

and the value obtained for the cross section at 60 keV was 3.78 x.lO‘T17
cme/moleculé. |

As can be secn in Fig. 26, there are only two absolute measure-

' . RN O,
ments of the cross section for emission due to H impact; therefore, it
, _ oh , . ; e




j10§—

wns‘decidedﬁto use the aQérage.vélue‘caléulated for.H+ impact'and;
relate it £O HO‘impact by.diVidihg.itvﬁy the'ratio of the 60 keV cross
.sectiéns for the thrée-authoré who published data for both processes.
Mis average ra£io‘was‘l,52, S0 ihe average curve for EO imﬁact is

17

normalized to 2.49 x 10~ ¢m2/molecﬁle at 60 keV.

: i

The uncertainty in the H' cross section asSuming a 68% confidence
intervél is i29%. To obtain the uncertainfy in thé Ho cross section,
oﬁe folds into this fhe'uanrtainty in the ratio ofvcross'sectionsb
(£l3%) and‘obtains *31%. The crosé section ﬁsed im my calculations is
a combination of the.above weighfed by the neutral‘fraction énd theré-v

fore the uncertainty to be applied in my error calculation (Appendix C)

is about *30%.
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