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ABSTRAGT

A detalled examination and eritical ewvaluation of ;ha

existing theories of secondary elestron emlssion has been sondvoted.

Among ths new thsoretical epproaches which were sonsidared
was the application of the method of virtusl guanta whiah had bteen
anplioysd suseesafully in atudies of the interaction of high energy
elastrons with natter. Although the results obtained were in good
agreement wlitli experimental rssults, and ths mathed of virtual
quanta predicts the observed universal energy-depandencs surve,
detalled invuastigation of the conditions for validity revesnled that
the method cannot be utilized in 1ts exact form iu tasc solution of

the pregssnt problem,

Calcoulations have indicated that the bulk of the secondaries
originate in the bound states in most motels,

The principal ooneliuzicias based upon the resnlts of =n
investigation of the interuction beiween the primary and ccnducgion
electrons are that the wooldridge theory of sesondary emission is in
error; end that the correct expssosiocn for the rate of production
of internal secondaries is very similar in form to that obtained

by Bethe for the ionization of gases.

An expressicn for the ensrgy-dependence of high-eanergy
gecondary emigsion has besn derived, and on the basis of certain
assuezpions xrsgarding the cscape probabllity, the influenss of
ring on low ensrgy seccndary amission has bean

demonatiratad,

de




ABSTRACT (Coutinued) ,

The experimentol program has Boen directed toward the
study of secondary emisslon under cornditions such that the
primaries pass through the target without appreciable energy
lnss., Targets ranging over the periodic system from sarbon to
zold, as thin as 5110'6 inches and as thick as 102 inshes, have
btssn bombarded with a 1.3 Mev beam provided by the Bartol linear
scoelerator. A new teochnique which rermits measuring the yiold
from beth faces of a thin targat has been developed., The forwsrde
baskward ratio for an 11 mg om™2 Ki targe® is «52/ 61 = 1,02 + 0,0¢%.

The emission of energetic secondary electrons (delta revs

or Imockon elsectrons) has bsen investigated. There 12 only a asmall

dependence of the yleld upon target material for an equivalent
thickpess expressed in mg em"2, For 45.8 mg em” 2 Ni, the delta-ray
yield is 2,03 + 0.15 percent, as compared with 1.48 + 0.25 persent,
the yleld of low-energy secondaries from the same surface. The
dependence of the yield upon target thickness and material 1s in
accord with the results of a theoretical analysis of the phenomenon.
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X INTRODUCTION

The presgent program of investigstions of secondary electron
emisslion was 1lnitiated in November, 1950, under the sponsorship of
the 0ffice of Naval Research, Attention was confined initially to a
theoretical study of varicus aspects of this general subject, with
the aim ultimately of performing such experiments as might appear
crucial from the point of visw of tosting specific theoretical pre=-
dictlons in the ahsence of satisfactory existing data. A primary
migsiorn of this project was to conduct a critical survey of + e
entire fleld, in order to determine what line or attack, if any,
would be fruitful in the endeavor to advance ouwr understanding of

this extremely complex phenomenon,

Various approacnes to this problern have besn explored,
and the principal conclusions which have emerged either from general

or detalled considerations are summarized in this finsl report.

It was apparent at the outset that measurements obtained
by bombarding, with very nigh energy primary slscire
which are sufficlently thin to permit the impinging electrons to
pass through with negligible scattering and energy loss would render
certalin phases of the process of secondary electron emission more
susceptidvle to theoretical treatment, Consequently, at the beginning
of the second year of operaticn of this contract, a program of
experiments was undertaken utilizing the Bartol multiple=cavity
linear accelerator as the source of a 1.3 Mev electron beam. The
existence of this device, which had been developed and oconstructed
in this laboratory as part of ths ruclsar physles program sponsored
by %he 0ffice of Naval Research under Contract Nfori-lll,, was indeed

a very fortunate circumegtanece from the point ol view of the secondary
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Fig, 1

{A) Control console of Bartiol linear acceierator.

(B) Pour-cavity linear acceleraiosr and associated
eguiprant. The cavities are tuned by means of
the rods whish extend into the control room.

The demcuntable experimental tube utilized in

the investigatiions of secondary elecirun eniassion
13 attached tc the magnetic apectimm aralyzse et
.tho output end of the machine. f%hne maxicu:

attainable energy is approximately 1.5 Mev.
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electron emizaion investigations. It soon hecsme evident that the
linesr accelerator could profitably be devoted almost exclusively
to uclid state and physical electronics problems, and that 1iius
contlinusd operetlon as well as further developments, such as the
extervfon to higher energles, should be promoted as an independent
project. In accordance with this poliey, sincs Februery 2, 1953, the
oiperimental program has been continued wlth the support of the
Of<ice ef Ordnance Research, under Gontruct DA=24-03}~O0RD=-1216RD.
dith thia aclmowledgment to the 0ffice of Crdnance Rssearch, 1t is
appropriate to include In the present report a dascription of the
experiments which were performed during the perlod cf jolnt sponsor-
ship of the pregram by ONR and OOR., Shoetly after the termination
of Csntract Nonr 198(00) on Jan. 31 , 19%l the O0ffice of Ordnance
Yesearch,; cognizant of the intimate relatiorship bvetween the
thooretical and experlimental aspects of this problen, enlarged the
acope of 1lts contract to provide for the continuastion of thLe

theoretical investigations in the light of the neture sf the result

4}

whict had been obtained thus far,

This report will be divided into two sectlong, of which
Section I will discuss purely theoretical metters, wherecas Seztion
1T will deal primarily with the experimental results, including

their theoretlcal interpretations.
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II. THEORLTICAL

(&)  CGeneral Remerks,

Initial omphasis was pglven to a detalled examination of

the exiasting khowledpge rogarding secorndary slectron emission, and
Ghwe most glgniflcant conclusions were diicussed in a publlshed

papsr, & reprint of whlch 1g attached herewith,

A critical evaluation of exlsting theorles was undsrtaxen

In order to arrive at a declision as to whish of ths following alter-

natives would provide the greatest promise for frultful resgults:
1) An sxtension of existing theoriss.
This would be accompllished dy affecting various improvee

ments of the underlyling assumptions, and adding refinements such

as & more detallcd treatment of the hasic precesces involveds

2} A search for a new model of secondery electron emission

indepencent of any previcus thsorieg.

Several alternatlive models might be pursued simultaneously.

Critical consideration led 0 the conclusion thas
alteraative (2) was most advantageoas, partlcularly in view of ths
2athor fundamenval limltations irherent In existing theories, and

sneir Laslic Inablllty to predlct physical consequences except in

2

very limited Instances., The remalilnder of this jection will te

Sevoted to a aunmary of some of the more sipnificant regults of

tris line of attack.,

{E) analysls of Secondary Flectron Emission by the Method of

virtual Quante.
In the study of the Interactlion of high energy slectronns

with ratter (e.g. excitation of nuclei, or ionlzstion of atoms)

1
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sutisfactory rosults can boe obtained in many cases by treating the
field of the electron as 1f it were composed of gamma-ray quants
trevelirg with the electron., ‘The number of such quanta to be assocla-~

ted with the electron is determined by a PFouriler analysis of ths

olectronic field. If one knows, eithor cxperimentally cr theoretically,

the probebillty that a gilven process will scowr when a maherial is
bombarded by gamms-rays, it 1s then posslble to determine the
probahllility that elecironic bombardrent will exciteo the same process.
The electron problem, which 1n many cases woulid be a very difficult
“ne, 1s Shus reducsd to a problem which has already been solved, and

to a FPourier analysls which is the game for all types of interaction,

The method outlined above ls valid, in general, only if
t:22 energy of the bombarding electrons is nign, i.e, if their
velocity 1s nearly that of light. Howaver, under certaln limiting
conditlons, the method 1z useable for low velosity electrons as well,
Conseguenvly, 1t was considered wortn while to attempt t» adept this
procedure to the analysls of the phencmenon of gecondary electron
emlssion, even though 1t wse nct Mnown whether these conditions were

ectuslly satisfled,

Application of this tecimique to the problem of secondsry
emission led to results whiech were in remarkably good agreement
wlth exporiment. It was possible tc make rough estimates cof the

sbaolute value of the number of secondaries per incldent primary

to be expected from metals (yleld d = 1) for all elements investigated,

and an exact expression for the energy dependunice of the yleld was
derived, Baroody has pointed out (E. M. Baroody, Phys. Rev. 78,

780 (1950)) that 1if é/d

— (secondary ylsld/maximum seccondary
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yield) is plotted as a function of Eo/Emax {prinary energy/encrgy

ffor maximmm yleld) a curve which 1a independont of the nature af
the emlitting metal 1s ohtiained., The method of 7irtual guanta pre.-
dicta a universal >nergy-dsvendence of this typs, and, furthermore,
the caleuvlated curvs nrrees wlith the oxperimential data wlthin the

axpesrimental uncertainties,

Cetalled invegstligation of the conditions for validity of
tha methed revesled, howsver, that althougn valld in a certain
approximation, it 13, neverthelegs, cuite incorrect to enmploy it
here In its exact form. Hence the excellent agrecmsent with experi-
mernt must be regarded as fortultous, Furthermerc, in 1ts ecorrect
form,; the method of virtugl quanta Iis exactly equlvalent to the Born
spproximation which can be utilized directly jJust szs easily. Cone-

coquently, further application of the method was abandoned.

{C) The Origln of sSecondary Electrons

A fundamental question in the theory of gecondary emigslon
is whether most of the secondaries coms from ths conductlon band or
Tron more tightly-bound levels. Thls problem was investlgated in
Jdetall for the cass of ccpper, and it appears that the concluslons

thus obtained should apply at least qualitatively to other metals,

The number of internal secondaries, produced per unit path
of the prlmary, with sufficlent energy to overcome the surface
varrier 1s combuted on the btasis of the following assumptions:

{a) the conduction electrons cen be treated as free; (h) the wave
furictions for the bound electrons are the same as those for the

corresponding states in 1soiated atoms.

The calculations revealed %hat, in the cease of copper,
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only tue M olectrons and the conduction electrons are important

sources of zecondaries, and that roughly twice as many secondaries

come from ths M shell as from the conduction band

Consequently, we cmn expect that the bull of {he secondaries

originate in the bound states in most metals. Hence, in developing

a theory of secondary electron emission, it 13 esgential to take ¢this
fact into account,

(D) The Interaction of the Primary with the Conduction Eleetrons.

The results of an inwvestigation of the interaction between
the primary and conduction electrons have been discussed in a note

published in The Physical Kevi~sw, a reprint of which is sattached

herewith. The principal conclusions are that the wWooldridge thesory

of secondary emission {s Incorrsct, and that the correct expression
for the rate of production of Internal secondaries is vary similar

in form tc that obtained by Bethe for the ionization of gases.

(E) The External Secondary Yield.

Utilizing the results of the previous sections concerning

the productlion of Iinternal secondary electrons; an exprassion for

the energy-dependence of high energy secondary emission can be

derived. On the baslias of certalr .assumptions regarding the escape

nrobability, it is then possible to discuss the influence of primary

scattering on low energy secondary =miasion.

From the theory of the primary interacticn, the rates of

productlion of secondaries and of primary energy loss ars given by

. A E.




and

dE B , E

4% = E = (2)
where UG(E) represents the number of gecondarlea produced per

tnit path by a primary of energy E, %%:is the ratc of energy loss,
and A, 3,C,™ are constants independent of the primary snergy.

s¢ expressiona are valld regardless of whether the sscondaries
ere assumed to originate only in the conduction band or in deeper-

lying levels as well.

In order to obtain the exterrmial secondary yleld, Eq.(1l)
g multiplied by the probavility of escape of the secondarles, and
intograted over the range of the primary. If we assume that the
secondaries escape by some sort of diffusion process; the probability
of escape of a secondary, p(x), depends only upon x, the depth below
the surfacv at which it 1s produced. The secondsry yield 1s then

given by: R
¢ =f $() W(E) dn (3)
()

whare JL 1g the dlstance traversed by the primary, measured along

1%s path, and R 1ts range.

For primaries of sufficlently high energles, U(E) 1s
practically constant over that portion of the primary path from
which the secondarles cun emerge. Furthsrmore, the primaries are
r.o% scattered appreciably. Consequantly E is approximately equal
to the incident energy E,, and JURY ¥ gver the repgion in which

r(x) 1s avpreclably different from zero, We then obtain:

§= U(ED [ ) dx (1)




which reduces to

E
= I =~ (5)

51“3

<

’

since p(x) is independsnt of the primary energy. Thus, indspendently
¢f tha basie assumptions, any theory of secondary emission should

raduce to the Esl 2+, E5 form et high energiles.

At low enerpgles the sltuation 1s mare complicsted, inasmuch
83 E can no longer be treated as constant. Consequently, W(E) cannot
be taken cutside the integral and the expression for d will involve
the explicit form of the escape probability function. For ease of
computation, we shall assume that this function can be approximated
by a simple step, 1.e. no secondaries produced beyond a certaln
cistance, L, from the esurface can escape, whereas a condtant Clraction
findenendent of primary energy) of the secondaries created within
the critical distance emergs. This would correspond roughly tc a

range-energy relationshilp for the secondaries.

Under thege conditions, we have
pix) =e¢, =x <L (6)
p(x) =0, x >L
and 1f 1t is further assumed that the primarles are unscattered, the
expreseion rfor d becomes:

§=x [LE) dx

e w(E)
:—&f 3% dE + (7)
E d»e

If all of the primesry energy 1s expended in the production

of secondaries, % is proportiona to U(E) and Eq.(7) becomes

6'—'— D[Eo" EL.—-‘ (8)

Loy -
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whore Ey 1s the incident energy of the primary, EL its energy after
penetrating to depth L, and D a congtant independent of energy.
Actually, the last assumption is unnecessary and (8) is e very good
soproximation to (7) even if the primary logses energy by processes

cther than the production of gecondaries.

' The quantity (E, - EL) nay be obtalned as a function of
E, by the integration of Eq. (2). The resultant yleld vs. energy
curve 1z found to be very insensitive to the choice of parameters,

end is thus neariy independent of target material,

The results of the calculstion are shown in Fig. 2, where
E, is the primary energy, and Emax the energy at which the maximum
y.”-.eld,é'max is obtalined. Curve A 1s & normalized empirical plot of
yiold vs. energy for metals, which as was at first pointed vut by
Baroody, is nearly independent < material, Curve B 1s a typical
piot of (Ec - EL) normalized to unity at the maximum. while the
two curves are very nearly parallel at higher energles, corresponding
£n ths E;]' Lew E, form, curve B falls off much too rapidly at low
anergies. This rapid decrease 13 attrlibutadle to the fact that the

37fect of primary scattering has been neglected.

That taking into account the effect of primary scattering is
in the direction of removing thils discrepancy 1s readily deinonstrated,
In the model whilch has Just been discussed, the following situation
provalls:

A primary of energy E, strikss the surface and continues
undeflected until ‘1t reaches the end of its range, If 1ts range 1s
less than I, all of 1its energy will e expended in the reglion from

which secondaries can escape, and the yleld is simply proporticnal




Al o

5 Y

A A Ry R T

s Do it S

Fip. 2

Universal curve of secondary slectron emission as a
functiion of the energy of the primaries. The ratlo
of the yleld, 6, to the maximum value of %hs yield,
§ max* O & particular target is plotted as ordinate,
and the corresponding ratio Eo/Emaz as abscissa.

Curve A fits most of the avallable experimental data.

B 1s the theoreilcal ocurve derived on ths basis of

effect of scatteriﬁg of the primaries. Wwher this is
taken into account, cwrve C 1s obtained. The discrepancy
between surves C and A can be reduced by assigning a
larger value to the arbitrarily=estimated scattering
parameter assumed in the computation., The influencs
of primary scattering displays the predicted gqualita«

tive effect, 1.3. it flattens the yisld ve energy curve.
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to the primary energy. After the range has exceeded I, the yleld
wlll decrease fairly rapidly as the energy increases, and the
condition in which most of the secondaries are produced bayond the
escsne depth will be attained quickly: For sxample, at a primary
energy E, = 2 Emax about 75 persent of the secondaries are produced
at distances from the surface greater than L. If primary scattering
12 taken Into account, however, this situation is modified considerably.
Many primariss having energlies near the maximum of vae yield vs,
energy curve are so strongly secattered that their paths lie entirely
within the escape region, The number of secondaries produced by
these scattered primaries increases linearliy with eunergy, and
Tartially compereates for thogse which would otherwise have nean proe-
duced %co far from the surface to emerge. This effect tends to

ilatton the yleld vs. energy curve,

To Investigate the problem somewhat more quantitatively,
e make the following assumptions with respect to the escape process:

(1) The primaries are either stopped within depth L or
rass thrsugh it undeflscted. Of course, this is not an accurate
¢escription, but it should represent.the average behavior to a
sufficisnt aprroximation for ths present purposeas.

(2) The fraction of primaries stopped in the "escape
region® is proportional to IL/R., Examination of B-ray absorption
curves rcvegle that, at least for high energy clectrons, the

proportionality constant (¥ ) should be somewhat greater than one,

Eq. (8) modified to take into account the influence of

primary scattering, then becomes

§=00-v EVWE~EN+DvE Eg (9)

i
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Thse first term represents the contrivbution to the yleld of secondaries
produced by pirimaries that pass beyond the escape region, and the
second the contribution by those that are stopped therein. The
results of the computation with ¥ = 1 are shown in Fig. 2, Curve C,
The influonse of scattering diaplays the predicted qualitative

.efrect. The dilscrepancy between the theoretical curve C and empirical
curve A c¢an be ascribed, at least in part, to the fact that the

effect of scattering probably sxceeds that corresponding to the

assignment of the value unity to ¥,

It is of interest to note the Importance of the role played
by primary scattsring iIn the phenomenon of secondery emission, At
EO/Emax = 2, almost all of the emergent sscondarles are produced by
the strongly-scattered primaries, even though only about 1,3 of the
primaries are in that category. A Eo/Emax = li, scattered and unscattered
primarles contribtute ahout equally. A%t higher bombarding energiles,
scattering becomes unimportant, and the expression ford reduces to

the form given by Eq. (S).

Although the approxirations made in this analysias are
acmittedly rather crude, the agreement betwsen theory and experiment
1s £airly good, Furthermore, the inodel based upon a simple step
functign for the escape probabllity 1s probably more realistic than
thie ccmmonly-used expcnential absorption law, asnd the qualitative
conclusion that primary scattering pleyvs o dominang scoie in low

snergy secondary emlssion 1s undoubtedly correct,
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IIT. EBXPERIMENTAL

(A) Gensral Remerks.

The experimental program has bsen directed tocward the
study of secondsry ermission under conditlions such that the primaries
rass through the target without apprecieble energy loss, so that we
vre dealing with secondaries produced by monoeniergetic primaries in
sontrast to the uzsual situation in which thick targets are bombarded
bty low energy pr'imar'ies° In the latter case, tha secondaries aro

rroduced by primaries of all energlcs up to taeir initial energy.

In all of the measuremenits whlich have heen obtalned thus
'ar, tiae tarret has been exposed to the primary beam which psgges
thronga it essentially undisturbed, producing sacondaries which can
enarge from either the front or back face. The yield is then deter=-
rnined vy measuring the ratio of the secondary carrents to thz primary
current, Targets of varlous slcments ranging over the periodiec
system from carbon to gold, as th.n as 5 x 10'6 inches and as thick
X 10”2 inches, have been bombarded and the following quantities
Fave been measured:
1) The combined yield of loiww energy secondaries from
both faces of the target:
2) The ratio of the low energy yield from tlhe exit
face of the target to that from the entrance face;

3) The yield of high energy seccndary electrons (E > 2 lev).

(B) Low Energy Secondaries.

The geneiral method of measurement is shown in Fig., 3,
The beam passes through a carbon collimator, thsan through a sand-

vieh arrangement, consiuting of the target surrounded by a thin
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Schenmatlc dlagram of sandwich arrangement for measuring
sacondary electron emission firom thin targets through
which %he primary beam passss essontially undigturbed,

The beam enters through a carbon collimator, then passes
Lhrough the elsctrodes consisiting of the target surrounded
by 2 thin foil shield, and 1s finally stopred by the
carbon trap. The method of datermining the yield from

the measurements in terms of the accompanying equations

12 sxplained in the text.
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Plg. b

Typical energy distribution ovtalned by the method
11lustrated in FPig, 3. The yleld of secondariess per
implinging primary, I'(Ex)pr, having Y-associated
energy less than that corresponding to ‘;r is plottad
as & function of the retarding potential.
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foil shield, end is Tinally stopred by the carbon trep, The sana-
wleh arrangement 13 necessitated by the fact that the target must
be galelded from stray sscondarles Droducad in the collimator and
trap, The ylelds are calculated from the squatlions shown an the
right. In Eq. (1) IT+ represents the measursed current of electronsg
from the targset when the target 1s blaged positively with respect
to the shleld by V& volts. Under these condliions only those
¢lectrons can leave the target whose normal velccity component 1s
sufficient to overcome the reterding potentisl Er, whille all the
secorndaries produced on the inside faces of the shield reach the
target. The net tarpet current 1s then the difference between the

civrrent, of target gecondaries, T cnd the current of secondarics

>V’
reeching the target from the shield? S. Ed4. (3) represcits the
condi slon when the target and shleld are at the same potentlal, Tre
nat target current, ITO, i3 then the difference hetween all of the

3 scondarties emitted hy the target and those cmitted by the shield.
Sabtracting (3) from (1) and dividing by the primary current, one
obtalns the yleld of secondarlies with X-assoclated energy lsss than
V?o A typlcal Integral energy distrinution obtained by this method
131 shoun in Flg. 4. Here, the yleld of secondarles (measured as a
fraction of the primary current IP) with X-agsoclatsd snergy < V

T
I3 plotted as a functicn of the retarding potential, V.. (This is

t1e Inverse of the usual distribution in which is plotzed the yleld
of electrons of snergy >V, vs. VT). The form cf the distribution
13 typlcal of those obtained with all targets (this one being 0,0005
ir, Ni) end in the low energy reglon is wvery similar to that observed
with low energy primarfes. The maximum of the corresponiing
differentlal distrivution occurs at about six volts, and there is

no ooserveble intengity of secondaries in the energy range from
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20 ev to 2000 ev. The saturation value of the emission with high

mf, wileh 1s the 7leld of low energy secondaries, is about l percent,
and veries froin about 2 percent to L} vercent for the other targets

w3 have measured., These values iIn thcemselves sre not toc signifi.-
i, since the measurements were made in ths vacuum system of the
lirear acceleretor and the surfaces were consequently not free of
contaminations. A sealed-off tube (Fig. 5) has been constructed for
maasuring the ylelds of targets degassed under geod vacuum conditions,
the beam being admitted through & thin glass window, and 1t 1s anti-

cipated that the ylelds will be somewhat lower than those ¢ited above.

(C) Forward-Backward Ratlo.

The experimentel arrangemcnt for the measurement of the
r-letive ylelds from the eniranee and exlt faces of the target is
sliown in Fig, 6, It differs from the arrangement already discussed
01.1y in that the potentlals of the shields opposite the two faces
o’ the target can be varied independently. By fizing the potential
o’ one shield, and varying the other, the yield from the correspond-
ing face of the targct can be obtalnsd. For example, “y holding Vé
constant and varying Vi the low energy secondary yleld from the
entraace face can be measuread, and by reversing the process the
v:.eld trom the exit facs can be determined. This measurement has
scen 2erformed with a .,0001 in, N1 target, wlth the result that the

yields from the two faces were fcund to be essentlally the same,

The ovserved ratio 1s:
—q = 1002 2'- O.obc

In order to Insure that this result was not a consequence cf

different surface conditions of the two target faces, the experi-
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Sealed-off tube for measuring secondury electron emission
from clean metal surfaces by the sandwich method. The
beam 1s admitted through a thin glass window, after which
it passes thrcugh a carbvon collirator into the paystem of
alectrodes shown schematically in Pig., 6. By means of a
magnetic plunger, tihxc target snd shields may be removed
frcm the besm tc determine the effect ¢f stopped primarics
which may become appreciable with thicker Largets. The
gandwich 1s heatea by bombardment with electrens from two
edjacent groups of fllaments between which the assembly

resgts during processing on the exhaust gyscem.




N

o

e



Fig. 6
Experimental arrangement for the measurement of the
relstive ylslds from the entrance and oxit faces of

2 thin target.
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rent was repeated after rotating the target through 180° in vacuum,
thus interchanging the front and back races of the foil, The ylelds

were found to remain unchanged,

roint of origin in the target to the suriacs, Were it not for thls

fuctor, & prepondarance of sescondaries woul” be expectsd to emerge

ia %he direction of travel of the bsam, in view cof the conservation
E laws which must apply in tho Interaction veiween the primary and the

atomlic electrons,

(7) Hign Energy Secondarles.

In the counras of the investigations of low energy secondaries,
1: was fcund that a relatively large group of hiih energy seccndaries
(wich enorgles > 2000 ev) 13 also emitted, and these have been studied
12 some detail. This subject is discussed in the following monuseript,
w.iich has buen submitted for publicatlcnn, This paper also contalns
a description of the demo:ntable experimental tube with which the
maesurements have been obtained, as well as gereral information regard-

ing the linear accelerator.
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EMISSION OF ENERGETIC SECONDARY ELECTRONS PRODUCED BY 1,3 Mev

ELECTRON BOMBARDMENT ™

R. 4. Shatas, J. F. Marshall and M. A. Pomerantz

Bartol Researsh Foundation of The Franklin Institute, Swarthmcrs, Pa,

Abstract
The emission of energetic gecsondary slestrons (delta

rays or xmock-on electrons ) prodused by 1.3 Mev primaries which

penetrate thin targets with negligzibls mean enargy loss has been
invegticatsd, These have previoualy not been obgervutls 2ii the
customary thick-target experimants becsugs of the inherent impossi-
bility of distinguishing between true secondaries and reflectec
primaries which have suffered large energy loases., The present
arrengesment dees not record back-scattered primarieﬁ, but only
emitted electrons. The delta ray ylelds from varlous targets

(A), Ni, Au, Ag, Cu, C) ranging in thickness from 5x10=6 to 1077 in,
have beer measured. The determinations cf %5 /IF vary between

0.2 rorcent snd 2.1 percent independent ¢f surface ireatment, esnd
there 13 only a small dspendence of the yleld upon target material

for an equlvalent thiickness expressed in mg,cm“a, For 4,5.8 mg em™

2
Ni, the del%n ray yleld is 2.08+ 0.15 percent. Thls may be compared
with 1l..£+ 0.25 porcens; the yleld of low-snergy sescndarles as
moasured wlth the claanest surface attalnasble ‘u the demountable

experimaental tube.

# Assilatsl by the Office of Ordnance Research and the Office of

Naval Research,




I. Introducticn

Although secondary emission from solids bombarded by
electrons having enerrnies below several thousand ev has bheen the
sublect of consliderable !nvestigation, the advantages of extending
the observations to high primary energies have remained penerally
unrecognized. Sources of electrons in tne Mev region have been
availahblec for many years, and humsrous gstudies o electron scatter-
ing heve bsen conductsd. Nevertheless, the only previous secondary
emission measurements have heen those in thi)runge from 30 kev uo
340 Itev cbtained by Trump and Van de Graaff "~ with the olectrostatic
generator in the courss of sxperiments directed primerily at investi-
gating the mechunisms of voltage hreakgown in high vacuum, and from
18 kav to 1.4 Mev by Miller and Povterh) with the linear ascelarator.

The conventlonal arrangement for measuring thes yield of
secondary electrons involves a tlick target in which ths primary 1s
completely absorhed., When the bomharding energy is low, the des=~
criptién of the phenomencn of secondary emission comprises essentially
four processes, scme of which are not particularly amenableg to
theoretical aralysis. These are: (1) the primary interaction,
(2) the primary energy loss, (3) the escape of secondarles, and
(L} integratlion of the first three steps cver the range of the

primary. By invoking & combinatlion of very hish primary energy

‘and targets which are sufficiently thin to permit the bombarding

elactrons t¢ pass through wilth nepligible scattering and ensrgy loss,
a sipgnificant simplification of the theoretical treatment resulcs.
For this reason, and in order to study certaln other aspects of

secondary alectron emission, a program of experiments was undertaken
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utilizing the multiple-cavity linear accelerator as ths source of

a 1.3 Mev electron heam. 7Tn contrast with the methods empioyed
previously, the piresent technliques have permitted the direct observa-
tion of energetlic secoridary eiectronsg, long familiar to cosmic ray

Investigators as lmock-on slectrons or delta rays.

II. Experimnontal Procedure

A. Mothod

The electrons lsaving 2 bwombarded target can be ascribed
tn three different mechan‘ams. Some of the primary electrons are
directly reflected, whersas othars are scattered with some loss of
energy. Finally, ssecondary elestrons arc emitﬁed by the target as
a consequence of interactions between the primary electrons and the
electrons in the solid. In the usual experimental ariangementv, wilch
is i1llustrated schematically in Fig, 1, it %s impossible to distinguish
betwsen true secondaries and reflected primari<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>