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THE MEASUREMENT OF RADIATION DAMAGE IN ORGANIC MATERIALS
~\ IN THE RANGE OF ELECTRON ENERGY BETWEEN 200 KeV AND 650 KeV

David George Howitt

A “Inorganic Materials Research Division,'LaWrenée'Berkeley Laboratory and

Department of Materials Science and Engineering, College of Engineering;
University of California, Berkeley, California

ABSTRACT

The.following treatise is.an éqébunﬁ'of the studies performed
concerﬁing”the radiosensitivities‘ fotWO organic cpm?ounds to elécfron
irrédiatidﬁ at energies in the range'ffom 200 -KeV to 650 KeV. ' The
radioseﬁéitivities were staﬁdardized according to the 1oss of
grystaliiﬁity of the material which wasvmohitoréd from it's diffracting

"properties, af£er tgchniques-had béen'deviéed.so as‘to»measure the |
éléctroﬂ doses. D
Froﬁithe.reéults;obtained,,conclﬁsiohs cah_be dfaﬁn:as ﬁo:the
.applicability of'high_Voltage CransmiSSion.éleétron'micréscopy techniques
tb the_detéiled"study of tHesé matérials ahd’tdﬂthe'générai-béhavior
.pf organic solids. The results indicate that thé_radidsénsitiviﬁies
of these materiaiSvare decféased by.approximatelyFSO ﬁercént 6ver this

total energy range.
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'I.  INTRODUCTION

The radiosensitivity of the majority of organic materials to

electrdns‘of'high energy is such, that there is 1i;;lé useful apblication

that can be made of conventiornal electron»microscopy techniques at

'lhigh resolution.

That is to say, the degradation rate of the high resolution

fourier components$, contributing to the image of the crystalline material,

is 'so rapid, that in an electron exposure sufficient to record them,

" the structure they afford is destroyed.

An:extensive and complete review. of thg-limitatidns that these

high radiosensitivities impose upon qhe application of transmission

Qélectxon.microscdpy is given by Glaéserb(1973) and will»not therefore.

be reviewed in detail. The conclusions indicaté; howeVer,:that'many

organic materials are within the range of applicability, if techniques

‘can be found to decrease their respective radiosensitivities by an

- order of magnitude or less.

‘Experimental observations (Glaeser and Hobbs) (Siegel 1972) appear
to indicate that the radioéensitivities of Varidus representative

types of otganic material are not reduced by this amount even at liquid

helium temperatures; and hence as an alternative, the advantages of

thérenergygdependence upon these radiosensitivities has been investigated.



II. THE ENERGY LOSS AND DIS'SIP‘A"I‘ION‘ PROCESS CHARACTERISTIC ‘

‘ OF RADIATION FROM THE ELECTRON MICROSCOPE
Tt ié.well kﬁbwn thaf in the travefsing 6f matter By high energy
- electrons, ﬁodéfation occﬁrs almost éntireiy:through enérgy losses to
tﬁé-electfonic system of the atoms and molecuies making'ﬁp the medium,
Awhilstvat very.high<energies'Bremsstrahlung.(radiation loss) bééomes
'thevimportant energy loss mechanism._»

Bethe and Héiﬁlér‘(i934)~estimatéd thé rélaiive-cﬁntributions of

these losses to collision losses, an appropriate'expréssion being:

radiative)

A
(

EZ
-800

dE
dx -
%E— collision) L.
where‘Eiié-the total energy‘(kinetic eneféy { rest mass) measured in |
fMeV, | |
Thus intconsideriﬁg the Qrganic;materials emplo&ed'ip the_proceeding

'investigatipns, whefe.thejatomic ﬁumbérs'(z)_average’Bétween 1rand 16,
~we may émpléy with little error the rélativistic stopping power

formula for electrons due to.Bethe (1933),”whefe radiation losses are

ignored i.e.

| e b o 2 | ; | =
?ﬁf _ Nv2ne2_Z [ln .mv E - (2 1—82 1+ Bz)an + 1-82

- 912(1-8%

o . i
+-%.(1'— Y-85 ] (1)
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where

N = Number density = the number of atoms/unlt volume in the'
' absorblng materlal '

z =.T§e'avefaged aegmic‘number of the sampie aS'a'Wﬁole
e =.The7electronic chargeVF
~.m = The eieetren rest mess
v = The:elethom Veiocity
B'¥ the electrbn veloeity/thefvelocity of:light_
and 1vis the. mean excitatien‘energy,'the‘main_pefameter-wi?h respect

to the mediﬁm in this equation. This perameter,hes been balculated

”for a few 31mple atoms but is usually experlmentally derlved

Bloch (1933) and Llndhard and Scharff (1953), u31ng statlstlcal
atomic models have shown that I~zk where k is a constant. In- the
materials studied.here, a value of 13 for k would seem apprépriate'

from the data of Fano (1964) aSSuming'tHat stopping power is merely

‘an additive function of the constitutive -atoms.

From the nature of the Bethe equation one would therefore expect
the dependence of the energy loss rate of the incident electrons, and

hence the radiosensitivity of the exposed material, to:approximate a

'-1/V2 relation, -following the Behavior of the leading term,'foreVery

thin specimens.
It_ehould, of.coutse,'be‘noted that' the energy loss of the

electron beam need not be simply-releted toethebdamage suffered by

the material, sinee the excited molecules resulting from the primary



'eiectronic.iﬁteracﬁiéns may.dissipéte”their'energY'through a variety
of processés includihg‘secéndéry iénizﬁtiqﬁsuénd non—déstructive_decay.

Thus, the cross—section for damage may:be_greatér or smaller than
the ioni?ing croééfsectioﬁ'di“where_an appropiiate ekpression is

S | QE:'
% »(NW): dx (2}.
where W ié the avetage energy'loss'per ionizatioh.

The effeéts'of direct:displacement-and theif contribution to the
damage croésteCtion.(Od) are for,the'range of ‘electron energies.
considered hére,'negligible. Only in materials1such as

hexadecachlbrophthalocyanine;:Which éan support electronvexposﬁres

greater than 10 coulombs/cm2 does the total damage cross—sectioﬁ have

a sufficiently small value to warrant.compafison with2the cross-section

. for "knock on" processes. -

Electron_spih'resonance studies (Burge;and‘Smith; 1962) show

that for éaturated ofgaﬁiéféompounds, typicaily‘one change in the
moleculéf,étruct#re 0ccdr$ éé.the reéultrdf}eéchfionizétiOn, hence

to a reasonabié approximétibniih l—valihé the damage croés—seétion
,might be equated3t0'£hét of the ioﬁiéation créss—sectioﬁ;which  |
represents theQSighifiéant ¢omponent'of‘the inélastig scattering cross—
‘_settionlas:far,as.thé ra&iétion damage proéessbin'cﬁncefned.

If.ﬁés been'the pprpose of this_inVestigatiOn tojoBservé‘thé
 ekperimégté1.behé§iof_of thé damage éross-sectibn-iﬁ'two organic

-matériais,‘l—Valiné'and‘adenbsine, in the energy range from 200 KeV to
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650 KeV and to establish the existance of any inconsistencies -in.

equating it directly with the inelastic scatterihg cross-section.
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III. THE ELECTRON MICROSCOPY OF BEAM SENSITIVE MATERTALS |

A. The Optimizétion of Conditions_

In the formation of a.mé#ningful higﬁ resblution fou£ier or ppintfto;
point imagé of é specimen ‘in aﬁ electronlmiéros¢oﬁé; it'is often-assumea '
 that the électronSIWhich_sdffer.ine;astic-collisiohs canlgontribufe only

noise, the only eléqtrqns.cbﬁtfibuting ﬁo Fhevsignai béiﬁé thosg which
‘have suffefed élastiézcolliéibns. This is, in_fégf, not .the case,'for'anj
inglastically scétteréd;electroﬁ canubé accufate1y refocussed into thé
image and:is aés§¢iated_with'flawed‘fépfesentatioh oﬁl§ whén it suffers
é'fﬁrthef:cbllisioh;'elastic or inelastic.

Invﬁhé'case of'gadioéeﬁSitive matétials whefe,effectiﬁély ali’the
:damége'is.éaused Bﬁ'inelaStié-cqlligibﬁé;‘thé imﬁortance of a low
'inelastic/eiastig cross section ratio i§ ob§iogs.- N6t'so obvious is
tﬁe.advantage fhat can be éaiﬁed froﬁ oBtainiﬁg¥$ignal from the
iﬁelasticéllj_$¢a£pered eleétxéns ifvfoth cross-séctiops, elasfig.and
inelastic;:éfe"rédﬁced suéhlfhat the'probabilitylof an eleétron
9uffefihg two collisiéns is-alﬁost ﬁegligible,.'This advantage may be
substantial sihcé}de < Gi,,éndiconVentiégally‘phé signal céntribution
'from o ié‘small,

:;- .Wheh.cohsidefiné radioséﬁéitivefméterials;'it is also important f
_téLconsidér‘the,efficienc& of the detec#ing deyicé Sinceta.minimalv
é#féégre.éflfhe séeéiﬁeh isdésirablé. Tﬁe efféc;s_of électron.engrgy
ﬁpén sbmé;rélevéﬁt.photographic emulsiqns.ha§efbgen cdnsidered'b&

:Coéslettvet'alrf(i974) who coﬁéluded'that‘the-loéé in'sensitivity.of

Qe emem
L Y




‘increasing energy. .
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the emulsion with increasing energy, which varies as its inelastic

cross section, can be compensated for by the increase in its resolution.-

Thus, even with conventional emulsions, one need not suffer any

disadvantage in recording efficiency since comparable detail can
be récorded atvproportionately'lowermégnifications'with increasing

. electron energy.

‘The detecting efficiency of the emulsion or its total sensitivity
can ofkcoufse-bevihprovéd by increasing its thickness (Jones and
CosSlett, 1970) and the detecting efficiency might be improved to a_'

limit, Where,thé pbsitional deviation or‘straggling of the’electron'from

its initial 'coordinates affects the detectable detail from the negative.

Thus, in general where the image is photographically recorded
difectly,jany decrease in.the cross—section-fbf'radiatidn damage,
with increasing electron energy,/canvbe regardéd as sighificant since

the cross section for damage and probability‘of detectioﬁ.dd not

vary propoftionately. Hence ‘the anaIySis'of.Bréedlovevand Trammel (1970)

indicating the insensitivity of thé-di/ce'ratio'suggests for the
- case where the detector is a suitable photographic emulsion that

the proportion of damage sustained to recofd an image_will.decreése with



Values for the cross=section for elastic'scattering can be

calculated from the opticél theorem (Schiff 1956) as

/

o, = ZAIﬁ{Fép(Q)} | ' B | (3)

”where Iﬁ{Fsp(O)}ﬂrepresents the imaginé?y part of the complex
scatteriﬁg'amplitude, calcplaﬁed from the phase'grating dppxoximation
(or strong pﬁase approximation). ‘For a single scaftéring atoﬁuéuch
aﬁ expression is rigorously_éorrect since this represeﬁts an exact
éummation of the ‘infinite Bofn series.at:sméll scatté;iﬁg anglés’

 (chiu'and’G1aesér 1973).

~.

~ B. The Critical Exposure:

It is convenient in many cases to describe the,radiosensitivity
of an organic compound in terms of the;critical ekposure, which is
the electron dose per unit aréa a material can support before suffering

-~ complete loss of crystallinity. Such.a measuré may be of course a .

‘function of thickness and therefore is a rather non-rigorous parameter,

When applied to very thin specimens however, whose thicknéss is very
much less than the penetration distance, or range of the'radiation,

thé'energy loss rate dE/dx is very nearly constant though the specimen.
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Theréforg the cfitical exposdfe iﬁ.this:éése,‘is the numbér df-‘
.eléctrohs:thaﬁ mustApasslthrough the specimen ﬁo effect-coﬁplefg
,diéorder.‘ Only a?propoftioﬂ’pf tﬁesé'elqptféns in fac;ulose'significant
jenergy;/hOWéver, wé may regard each electfon aé ldoéing enérgy in ﬁhe

£

sample at a rate -dE/dx and write the total energy imparted to the
* specimen to effect its destruction as -

dE
vdxbu

'where'u is‘the sﬁeéimen thickness apd nfthe critical exposure or
T _ ¢

'R T N
when EuAis;the total energy imparted per unit dépth.

Thus, if the total energy-required:to.effeét disorder is not
_dépendent upon electron energy, we would éxpect to have a dependence
‘of critical exposure of the form n ='|<(-_dE/dx).-1 where K is a constant.
If we empioy,the nbn—rélativistic expression for dE/dx where € is the

base of natural logarithms, we obtain

P ] e

eqﬁivalént_to a'Bz.dependance; (Eq. 1)



10~

If however ET is a function of electron energy such that the
damage.mechanismlis specific to particular energies theh we expect
a relation of the form
; -1
: N dE,
L= (E —
n E, (E) (dx})v ,

which will not be consistent with the previous description. This
situation can of courSe.Be considered'in terms of

N

6 = L @
‘d_'; Nwd o dx_‘.
_where Wd;ithe'average energy loss per damage event, is dépendentf
upon the_electrdﬁ energy, when_the'damage'méchanism is specific

to particular energies.

6) .

(N
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IV. THE MEASUREMENT OF THE ENERGY DEPENDENCE OF RADIATION DAMAGE

In thistinvestigetron the variatioh of critical exposﬁrevwith
':incident‘electrcn energy &5; determineddin the range 200—650.KeV for
'two:orgeﬁic compounds, the eliphatic aminc acid l-valine (plate I)
fahd the'ribonucieoside adencsine fplate II) 6ver a renge of dose rates.
The dose rates were- determlned 31multaneously using an efflcient
.faraday cué and aillthlum drlfted13111con detector; (Appendlx I)
employlng the 1ndlst1ngulshab111ty of the materlals dlffractlon
pattern as an end-point (plate-III). o |

The mEasurementvef'beah currents in the_final‘iﬁage'plahe-of:the
--Berkeley 650 Kv mlcroscope (D ) is not straightfcrward,vsinCe

scree

'1t is found that for flxed beam currents at the specimen (D . )
‘ e . ““specimen

the expected magnlflcatlon relatlon D éreén=ﬁDSpeCimen/M2\hhere M
'is_the linear magnification,'is not.qbeyed.’ In fact at magnificéticns
f'greater'thet 10 K, at all energreé;fthié relation was not accurately
fepproached ana.the cerreﬁt density in the image plane increased
:iinconststently_with ihcreeSing magnifrcetioh.
This_effect cf.additiohal electroﬁ incidence at therimage ﬁiane o
" from electrcnelnot:origihetiﬁg fromrthe associated object_is not
'.uncommon in high voltege microscoﬁeéiand eriSes from-the melalignment
of lensvapertures and the back—scattered electrons (created -on the
“walls. of the mlcroscope column) belng able to reach the final 1mage.

The contrlbutlon from these-addltlonal electrons is dlfflCult to

“estimate since there is no accurate qualitative way to distinguish
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them. . Their pfesehée»can‘be obsefved‘in the broad distribution of the
'_pulse height_spéctrum from the silicon detec;or'(Figs{. IV and VII)
and somencan be rem0ved by iﬁffoduéing intermediate é?ertureé; ‘Thus, 
éince'this effecf is noticleérly dispinguishaﬁie‘it is ohly poséible
to estimate its contribution:and.since this céntxibutibﬁ,is to éome
extent depéndent upon thechndenser lens setting a siﬁbie but‘aécurate
correétion is-ﬁot'poésible; |
ThelﬁafiaﬁiOn of'the_pfedictéd:beém current density:at the
specimen‘with magnification ié shown;:for nqﬁinél éondeﬁser settings"
;at‘the thFee elégfron energies inveStigated} iﬁ,Fig,'I, It is éppafept
“that'thié~effeg£ iS'capaﬁlevﬁf introducing ef?ors of-50_percept in |
'rélativei&uioﬁhmagnificafién'ranges. "To feducé’the_errér from thié
éffec;-Snlj thg iow_mégnifiéétion réngés were used, hOﬁéver evén:here
erfors of 5 péréept.may1be‘eXpected,.dependiﬁg upon the épndenserl
e#citatibﬁ.3vinLthe 200 Kv range of thié microscope tHe range of the_1_
H_oﬁjective 1éns is nOtbsuffiFient tofeﬁabie the iﬁage to be accurately
focussed»ébove 15 K and heﬁce measﬁrements at mégnifications above

this wefefavoided;

1
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V. THE ENERGY DEPENDENCE OF RADIATION
“DAMAGE IN L-VALINE AND ADENOSINE
Despite fhése’iimifatiOns, reasohaglé estimations of thé*criticél-
_exposureé for l;valine:aﬁd adénosineAwére,obtained at three electron
energieé.v"The'e#posure‘lifétime Variatibné are.shoﬁn in Figs;'iI to IV;
_If is intéresting fo ﬁote that both l—valine and adénosine,sth '
“some.deviation from the reéiproéity_felation at high Beam currents;
"This coﬁld be interpreted as'being.dﬁé ;o-abbéam héating effect;
however it should be remembered that in ordéfito 6btéih’high current
udenéities, the second condenser 1ens;approaqhe§_a foéﬁsséd cqndition.
. whefe_fhéfinfluenge of én?rnbnuniformity in,the'beam_profilg_might' |
bécémelefi&ent.rvThﬁs, since the fa@iﬁg diffraction pattérn technique
will monitor the'behavior of the leéé heévily‘irfadiated poffiéns pf
. _tﬁe specimén, the detéc£o;,&i11 oyereétimate'wheﬁeVer the specimen is
 ﬁon—uniformly ipradiated.':Similafy_at éﬁchvbeém diameters any small
éondeﬁéer iﬁstability or beam drifting will become evident and may
'cause.théjbeém.éurtént measurement to differ from its‘aptual value,
vhénée the’longllifetimé meésureménts‘ﬁere éonsidered_more reliablé.";
The valﬁes obtéinéd forr£he‘cfitiéaljexposure;,f;om éxtréﬁolatibn‘éf

these curyes_yields thé_following forifhe the . two maferials,

650KV | . 350KV - | 200KV

L-valine | 10.0:1.0x107> A/cm’ _ §.0£0.8x10 7> A/em” | 5.0:0.5x107° A/cn”

" Adenosine | 6.0£0.6x10"2 A/cm’ 4.5£0.5x1072 A/cm®

2.8:0.3x107 A/cm?
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An error of 10 percent is appropriate since there were-Variations of"

~bout 5 percent_in the values of the lifetimes obtained_at specific -

-current densities. .

These values of critical exposure are shown in relation to the -

electron velocity in Fig. V. The éiope of 3'82 relation is’shoWn:ip

2.8

the diagram for .comparison, 1-valine was found to dbéyva B ;and 

adenosine a 83'0‘,relation{gt

~
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| ) VI. DISCUSSION
. ¥ " In order to calculateithé G value;‘the-number of moieculesvdamaged

per.lOO eViéf gnérgy imparteq.to tﬁe speéimeﬁ,the value for —dE)dx,
1the ehérgy lostvbyzthevbeam_ih.trayepsing tﬁé specimep, should be
_obtainéd éndfcompafed withvthe extenﬁ of ;adiation damage.

% . v :Asguﬁing”thaf 63 peréenf of the SPecimén hés‘beenbdeétréyed at
a moieqular 1ével when no crystalliﬁity is deteéfable‘frOm its
:diff£action pattern,.or eqUivalently'that all tﬁe moleéules have

i " received one hit then

: : ' o o _ The molecular density % 0.63 X 100 (8)

: o S . N _ dE/dx ' '
er

~ Where N, is the number“of electron required to completely destroy the
diffraction péttern of the.specimen per unit area (thé_critiéal
exposure in electrons).

| o Taking appropriate values for:the quantities in the expressions

23

' for dE/dx, where for l-valine N=1.23x10 'cmf3 (Torri and Iitaka, 1970)

7=6.17 and T=1.28x10 O ergs. andffbfﬁadenosiﬁevN=l;1O6X1023 (Lai 1969)
Z=8.35 ﬁnd i=l;74X10;10.érgs,'the feépecfiQé'd;Qaiﬁes‘énd the average
' énergy tébdestroy a'molécﬁle’can bé calcﬁlated." | |

| Similarly; tﬁe-talculation of'fhe'ionizing créss—section from
' Eq; (25~is possiblé, assuﬁing.an apppopriateIVa1Ue fér the avéragen
_énefg§ iééé bér iéﬁization; Eakén;tQ_bé 50 eV (Rauth.and Simpson 1964).
' e . | dose fhé damage:cross section

:Further by equat;ng Nér;w1th.the D37.

can be conveniently taken as l/Nér,
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The values fo£ ail théée'quantitiés are diépiayed 1n Table I for
bpfh l—vaiiné and:adeﬂosihe at the thfee electron‘enefgies conSidered,~‘
Erpm thé-éompariSOn of £h§ iénization'qfoss’é?ctioﬁs.with the eiastic
' scéfteriﬁg éroéé.séCtions_fdr.carbqﬁ af tﬁe SQme electrbn:energy

(Chiu,.privéfe éommuﬁication) we obtain for l-valine. .

ox10? o x0T 6/
: - i . e_ i e
. 650 kv 7028scm2. 1.46 cm? | 4.99
350 kv [ 8.36. cm® | 2.26-cm® | 3.70°
- 200 kv | 10.4 ‘em® | 3.46 cmz._ 3;01":
‘and for - adenosine S :
c;XIoflg cleO"l9 o./c
. ‘ i \ e _ e
650 kv | . 9.59 cm® | 1.46 cm® | 6.57
350_k§: "10Q9‘f'cm2 __42.26'cm2.   » 4.82
200 kv | -13.2 em® | 3.46 cm’ | 3.8L

 which indicates that the proportion of elastic scattering decreases
with increasing enérgy.
The comparison of the damage cross section with the ionization

' cross section at these three energies are for l-valine .-

- c‘;'xlO'_-17 g.x1071? o.lo,
. S e A 41
650 kv | 1.6£0.2 cm® | 7.28 cm® 21.9¢2.2
350 kv 2.0t0.2 cn® | 8.36 cm® | 23.9t2.4

200 kv |'3.2£0.3 cn® | 10.9 cm 30.8+3.1

.and for adenosine - .
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Co-17-
=18 19
| 10 0,x10 77 . cd/ci
650 kv - 2.67£0.3 em? | 9}59‘cm2 | 2.8t0.3
350 kv | 3.5620.4 cm? 110.9 en® | 3.2¢0.3
200 kv | 5.71%0.6 em?. | 13.2 cn® 4.30.4

Thus the data presented here indicates that the damage'cross section

\

.»décreases'faster than the ionizing,cross section but at about the. same

rate as the elastic cross section with increasing energy.

Thejequating of the behavior of'the_damage cross'section with

that of the ionizing cross section in this energy range might therefore

give rise to an error of about 25 percent. This might be interpreted

'as 25 ﬁercent.of-the-damage reaction'wﬁiéh_follows ionization being
. suppressed at 650 KeV 6r525_percentfof such events that at the lower

. energy dorﬁot recombine doing sé at the highest energy;'

fﬁe coﬁsistency.of}the‘behavior of_the.démage cross éectién in
bpth magérials,deépite théif’differeﬁcé in sﬁructure-and the mean
féée péthé Qf‘théldaﬁage eVénts differing by-almostvan order Qf'
magnitude,syggééts:that thé‘behaviqr is not dominated byva particular

damagé event. In addition the incréase in the mean free path between

.the damage events, with increasing energy, is not consistent with an

. increased overlapping of recombination volumes.

'Iﬁdéed such behaviof_ﬁould suggest'that_the damage mechanism might

be a complicated process requiring some interaction of events or rather

of formed~species,_the,décreaSe in the proximity of the events being

nthe cause for tHis:décreasé;- Such. behavior would be consistent with



-18-

Ehe deviation from the regiprocity'feiatién of theviifetimé beam
'éurrent density curves, whére at high 1evglé 6f:illuﬁination the’ .
_radiatidn,damagé’process~might be‘éccéleratea due t§ ;he increase in 

the density of éveﬁts; | | | |

Thps iﬁ woula'appear that a éingle hit target e#planation of the

.damage ptoceés_is ppt COmplétely adequate ahd_ﬁhat the structurélb
: diéinfegration.6f the ﬁatefial méy;be atvIéést partialiy due to the
interactiéh.of~free fadiéalé, Or Cross 1iﬁking,_rather.than bfvsciséion

évents ariéing=ffqi a singié iﬁtefaction. The‘comparison of the

ioﬁiZing.chssvséction énd average damagé.cfoSs_sectipﬁ-implying a
.siﬁglefhit pfocéés.might therefofé,.although”réasbnéﬁle in its
_approkimatibﬁ, Bé inhéreﬁtly’misleading.".- | |

.Tha; the'démage cross septioﬁ_tl/ﬁc£)’i§-much‘lafggr than the
 ionizing ¢roés.sectionvmigﬁt:also be‘misleading,'sqggesting'intensev
ﬂsecondary idﬁiéatioﬁ; bHdwe§er.sincé th¢ techﬁique 6f‘Selected,area
‘_ diffractidh isjﬁotxcapabié‘of distinguishiﬁg_order ét the atomic level,
such gsjthe.perserVatiéh:of a siﬁgle Bbﬁd; Qé mﬁst Ebnsidér that the -
*damage,éfoss sect}én meaéurgd here.iskénJaQérégeiéfoséﬂsection for'
éventsfﬁhich degrade the méﬁerialjpo a limit of‘distinguishébility
._not'ﬁb}cémﬁlefevdesgruction. .Compariééh-with thévE.SiR. data'6f Burge‘

‘aﬁd Smith (1962)j ﬁho'finﬁ an apprg#iﬁatévequa}iﬁy‘between oi.apd od;i
in matefials simiiér'téalfvaline,vindicatés;a diécrepénéf'of about

a fééﬁbr.of 30;  Sincé theif‘teéhﬁiqué is not'sﬁbjéct tg;limitatioﬂs.
 _of detéétabiligy;_we @ight‘ipterpfet this as the fading diff;action

. pattern technique distinguishing a single damage event as the loss

eqmaree e




‘is apprépriate.
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of cohérence_within the matrix of a region 30 atoms in volume. In
l-valine since these are 19 atoms per mqleculeA the selected area
diffraction technique yields a damage cross-section comparable to the

é

damage cross section offered by a molecule.

" The behaViOr:qfithé damage cross seciton should nevertheless be

consistant with the behavior of the true damage cross section which
vwould_repfesent the average area offered by each atom for the

.precipitation of atomic rearrangement.

Thus. the COﬁsistanéy‘in the behaviofqu the damagevéross'section
between 200 keV and 650 keV in l-valine and adenosine suggests that
the damage mechanisms are‘similar,_and'the 25_percenf decrease in

damdge'éross sectiqh normalized to stopping .power in both these

‘materials, suggests that a model accounting for free radical interactions

¢

A quantitative assessment of the significance of these effects,

"in terms of increased resolution in the image plane of an electron

microscope, requires that we estimate from them, the proportions of

~ 'signal and noise events for the thicknéss of specimen used and the

resolution required. . Thus “the change in the image characteristics for

_the electron dose that degrades the'sample to that resolution can be

‘determined with respect to'electron eﬁetgy variations.

In the case of l-valine and adenosine however, the critical

exposufe is limiting to such'a dégreé that at the resolution it permits,
almost all the electrons leaving a thin spécimen can be considered as
_signal.v Thus.the'statiStiCal noise in this limited signal becomes

the limit to resolution. -
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For.any eiement RXR'cm23we_ha§e R2NC£f ¢1ectronS;eXCiting the
'phptégraphic emdision whefé'f représents thé éollectién efficiency
of the emuIsion. ‘In'ordef ﬁq»resqi§e the dimensioan in‘the ébsence_y ’
‘:bf image pfocéséingﬁwé requifé a signal to ﬁbise'rétiQ of 5 (Roée 1948)

- and must thereforé satisfy'_

£ - N RE > &/ fRZ
v cr . _ cr

te R > S/VEN__ S - ¢) o
which'is;eqdivaleht_tO'theiform of the:equation'used*By G1aeser:(1973)

to predict the resolution obtainable in radiosensitive materials

ignoring requirements of contrast. Since f is effectively constant

for certain qommefcial emuléiéns (Céélétt l974) we‘may:Calculaﬁé,
‘taking f=Q.éS ‘and deméndiﬁg 10 percent contfaSt the différence_in tﬂe
expected reSOIutioﬁ."Ffdﬁ éuch,calculatioﬁ our:aﬁticipafed resdlufion
~ increase ffom'57Avto 408 ih_i—valine and from 24A to 16A in édénosiﬁe

‘from 200 kv to 650 kv.
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- | | APPENDIX I

A Compariéon of the Measurement of Beam Cutrrent Densities in an
Electron Microscope Using a Faraday Cup and Solid State Detector.

VIn'ofder teeﬁake'a precise estiﬁete of:the‘electron density
incident uéon‘a confined fegion of theeobjeet blane of aﬁ electron
i micfoseope it is‘neeessafy to meaeufeiit‘direetly, which can only be
| 'échieved'by_eamﬁliﬁg.the'eleceronedeﬁsity infah image plane.
i g The.moet'aftraceive of these planeé fenintrOduce a measuring
| v'device into is ﬁhe final image plane since here iﬁs pfesence‘need
:nOt inteffere with the normal operation ofﬂthe ﬁiefOSCOpe and.the
| "aree of‘iﬁteresE_Ean be.eésily defined..
j%The iarge megeificatiqns of the final'image plane;'end hence
? N the low current densities to be measured, commonly deterefrom the
vigse of’a_primaryrfaraday;cgp-asrthe ﬁeesuring.device and favors
eithervsolid.stete detectqre, whiCH dperate_most effieiently eﬁ electron
vdensities 1ese than lO_lZ;am?éres/eﬁzeer phofogrebhie ekposure ﬁeters
e which{hevgllafgeaafeas.of.caétere’but ranges;iimited tpbsomewhatv
higher'electrdn intensities, The eecuraey of such detectors in

- predicting an absolute measure of the current density are of course

- limited by the accuracy.of the standardising faréday'CUp at such
- levels Of’intensity; since the errors introduced from a magnification
Q extrapolétion;.Where the devices are'situated at significantly

different positions in an-electron microscope, will be very large.



ey

The deﬁectioﬁfof smali céllecﬁed currents itéelf represents no.
problem; hbwever.at electron incidéﬁcevlevels such as 10‘.-14 émperes/cmz‘
'Ehe éffeéts ofvleakagé ana curreﬁt.éeneration £roﬁ iﬁsdlators or
'externai fields sur;oundiﬁg the célledtér'wiil-introducé'significan;-
.érror. :Thus somewhat severe reStriqtibhs afé_impoéed.uﬁon the‘
prefabrication and‘éperatidﬁ 6f>a faraday cﬁp.éf thié €§pe..

A'faraday cﬁp capéble.of being:intfodﬁced into fhéiéameré chamber
of an elecéronvmicroséope has been;cdnstrﬁctéd to oﬁefate inrconjunction
with a"Cary‘electeretef,-cépéble”of méasuring currén;s of 10?l7 ampéfég.
.In>order to redﬁce.the éffécts due toﬁspﬁripus-éurrént ggneratiop thé
'cup is sﬁrréuhdedvbyvan anneaied‘mﬁ_metal shiéld and the insulétors
éfe const?uéted from prefiréarand éarefully‘machinéd.aluﬁina. 'Té
redqce_leékage'effects fo a minimum the cup.ié éﬁpbdrte&-only at it;n
 Base'By_tBese insﬁlétde'énd“has only one.ébﬁnection which is a direct
cbntact:to fhé_éléctrometer., Geométrically the éup‘is effectively
. infinitelyflong,vbeing in the shaperf a tall:cylindef of 1ength  '
‘.twenty times its width ana to redgcé the effects of backscattering
to a minimum it;is cénstfucted of so]_.id-cafb_onf Thus only priﬁarily
backscattered electrons shouid be’iosf intrpduéing an errér of less
’ than on¢ peféeﬁt:(érﬁbb 1970)- The Cué and housiné'are shown in plates
C4amds. | |
.Fqlibﬁing’inéfallation;:the maghitﬁdé of the baékgréund cﬁrrént
 drift from ﬁhe cup was 1es§ than iQ—lS amperes, an order of magﬁitude
'.fgreatg; th;n the backgrouna'éurrent drift ffom{thevelectrometer itself.

”Thus using a_definiﬁg aperture of v0;18 cmz,_:this éorresponds_toian
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-érror‘of 1ess'tﬁaﬁ'5.6x10f15:émpéres/cm? in,tﬁe detérmination of the
beém'éﬁrrent colléé;ed byithg cup.. . |

ThéICﬁﬁ was ﬁéea ihbcohjunctioﬁ with.a lifhium drifﬁed silicon
faéteétér, désigheq to’record:650 KéV.electrqns,.both-having-défining
; apertﬁfes in the séﬁe‘plane and being’able-to bperate siﬁdltaneously;
The-défeétors wére:cémﬁared using'QSQ Kv and 350 Kv!elettrons over a
- range of-cufrenﬁ densities ét_thé‘detéétOrs,vahe.aefining apertures'
wére cdnstructed'sucﬁ that the totél é%gciroﬁ incidence was ohe
‘hundredfénd seventy tiﬁes greatef ét the cup than ét_théfsilicon
MdetectorH  Thué'thé cup héd a.broportionally highef cdfrent té measufé
While thé detéctéf wa; capable of bﬁérafing in.its mésf éfficiént
vrange.“ | | |

' Thé'characteriStic pﬁise height spectrﬁﬁ; or count density_energy
_distribﬁtidn.cur§e§; fOf the:detect&r are shownAin Figé. VI apd_VIi,
‘isihée.this-épectrum is ébfaihéd following améiificatioﬁ of the j
. original sigﬁal_ffom fhe'éetéctor,vit is cﬁaracteristic of thé
amplificatiqn.fechhiqué also. Thus the éompérisons made are.nbt
univefééll§ applicable_to the charéctefistiOn of thié type of detector.
~ The low;ene¥gy”§¢ak>bf the p;lsé height specffdmvis primarily due to
,“noisé; contaiﬁiﬁg a éoﬁtfiﬁgtion f;ém>g—rays, whilst the primary peak.
:ﬂis_due.fq elécﬁf&ﬁég Additional high.energy-peaks'are.caused.by
 coiﬁcidéﬁ§e cOunting-effects which afe‘ﬁsually evidéntloﬁly at”very

high electron densities.
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In order to distinghishtthe elecfron.couhts from hhe noise,ve
windowfis_intrhduced to isoiete the ofimaryhpeak'and.in order to
_provide uhfbrmity in.hhe‘standardization,'ﬁheiiower fhreéhold'is.
~ introduced at the-minimum’betWeen the‘first‘two peaks. .Thus elthough‘
:some of'thevdeﬁeetor's effieiencY»oaY be'lost,.since fhe’rise of the’
primary'peak occhts,hehind,this.minime;,1ess ihdetermihacy isoessociated
' with the.eelibratioh,bsince the signal takeh fromnthe.detectof is of:
.electfons only._  |
-The‘65v0 kv .ﬁitaoh’i electron miciros'cope'whi'ch was utilized for. these
studies 1s capable of generatlng only . low beam currents below aboutv
300 kv and at 200 kv, to.maintain reasohablevelectron densities in’
the image plane,.one_maf.nOt:defoogs the éecond condehser 1ens.ﬁo any
;1erge‘extehh; even_at.loW'mégnificetiOh; The_significance.of.this
'iimitetion is that one.is-unable to.Satisfaotorily‘defocus‘out“the .
'heam.profile aCrose thebcup and eilicon'detector to affora them the
.-same electron 1nc1dence, hence the’ relatlonshlp hetween the cho and
defectof was not eetabllshed at thls‘voltage.

_ TheVCOmparisons at 650 kv and-350 kv Were'more meaningful_ahd
.the‘lerge‘effects.of satorafion or.coiheidehce cOhntihg'in the’siliconh
. detector, Whére}thé eiectron>incidence ie‘g?eetef than 107/cm2/sec,
vwefe-oleerly oietinguishébie;f.The extent'ofvcoineidenee'eounting is
_'howeﬁer‘qhife ﬁredioteble.(Fig. VIII)‘end onlfhat inéidenﬁ counts

where the random varlatlons (Vr) approach a s1gn1f1cant pfoportlon

:of the- total count (N) at the detector does one observe a marked
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uncertainty in the relation. It is noteworthy that the éffects of
coincidehce counting are apparenpaévengat very low counting rates.
At 650 kv it is‘appafent.that_the‘defegtor has, over ‘the lowest range .

Qf electron incidence, anléfficieﬁcy greater than unity. This

additibnal signal~from theisilicoﬁ_detector‘is thought to arise

" from backgqunle—raysAwhich the .faraday cup does not detect.

hus bhé.would:expect_tq be ablelfo-calcuiate'thévbeam current

'denéity at thé;épeci@en Qi;h”good aééuracy,'better than 95%, using
: éither'thg’féréday gup-or”thé'lithidm'arifﬁed siiicon'detector, if
g;a correction is madé for the latter's limited_efficienéy and the
 é§ntribution from X—réyé'is:knowﬁ.j'Thé accufacy Qf the'éup.itself :
-iﬁ defeCtihg electrons is estimated to be béftei-tﬁanrQQZ. Ihe.chiéf
' error iﬁtroduced-iﬁ-the calcd1ation of the Beaﬁ currénf densify at tﬁé
‘ specimeﬁ is dué:to electrdné;present in the.imaéexplane which are nﬁt
initiated'fr§ﬁ the définéd»a?ea of'jntéreSt infﬁhenSﬁeéimeﬁﬂ vThis3

" effect is characteristic of individual microscopes, and must therefore

be.determined for each specific case.
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’ Table I.

BE/dx A

offered by one atom.

is the cross section offered by a dlstlngulshable unit of materlal and 0

, dE/dx - Average .
~1l-valine relativistic . -non-relativistic* SN _-Energy to . G o .,=1/N o,
vallne  relativisti stativisi cE ~Ene: | &N
' : .destroy a . : :
molecule

650 kv 4.48x10%v/em  3.83x10%v/em  6.24x10"%/cn’?  68.5 ev  1.46  1.60x10 ~cm® 7.28%10 ~19. i
350 kv 5.14x10%V/em  4.65x10%v/en 4.99x10%%/cn®  75.8 ev 1.59 2.00%10” 17 2' 8.36X10 19 2
. LT R : 16, 2 L . »

200 kv~ 6.37x10%V/cm 6.00x10%V/cm 3.12%10"°/cm”  98.02eV | 2.05. 3.21x10 17 2 1.04x10 18cm2
Adénosine _
= | 17, 2 | - |
650 kv . 5.29x10%V/cm 44800 ®ev/cm 3.74%10" /em” 910 v 0.11 . 2.67x10 1 8cn?  9.57x1071%cn?
S o . ' 17, .2 Lo

350 kv 6.04%10%V/cm  5.44x10%V/cn - 2.81x107 fem® 770 ev '0.13  3.56X10 18 2 1.09%10 18 2 |
' .- " : . : : - 17 2 v L

200 kv 7.34x10%V/cm - 6.99x10%v/em 1.75x10""/en® 590 ev 0.17 . 5.71X10 18 2 1.32X10” 18 2
where O

is the cross section
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Plate I. A low resolution electron micrograph of l-valine taken at

650 Kv.
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Plate I.
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Plate II. A low resolution electron micrograph of the fibrous structure of

adenosine taken at 100 kv.
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Plate III.
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The degradation of a diffraction pattern from l-valine
at 650 kv. The recordings were made at approximately equal
intervals during the exposuré and were not of equivalent

optical density.
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Plate III.

XBB 7496007



Plate IV. The Faraday cup assembled.
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CBB 749-6256

Plate Iv .
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Plate V. An exploded view of the Féréday‘ cup.
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BBC 749-625%

plate V-



Fig. I.

{3 U0 4 24 cglkzy,wg 8

The effects of édditional”elécffon incidence upon the

‘variation of'the'accufacy of:théﬁbeam_current.densityj

' measurement with magnification in the 650 Kv Hitachi =

~microscope. The broadening of the curves represents

“the uncertainty in the measurements.
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Fig. II.  The vafiatiou of specimen lifetime with dose rate in

adenosine and l-valine at ZOO'KV.
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Fig. III. The va;iétidn of specimen lifetime with dose rate in

adenosine and l-valine at 350: Kv.




b

ladenosine

3 :_ |

L Vdine_ _r

1

J. .
(=]
[

i
Specimen Lifetime, Seconds =~

e

10-2

103

SR 0t
Beam Current Density at the Specimen, Amperes/cm?
o | L o - XBL748-7105

© oS




Qouo42018010

45—

Fig. IV. The variation of specimen lifetime with dose rate in

L  ‘adenosine and 1-valine at 650 Kv.
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g L Fig. V. The variatioh ofAcfitical exposure of.adenoéine and l—véline

with the vélbcity,ofzthe irradiating eléctrons."Thevbroken.
linefindiCAtes the.behavior‘cohsistent'with'étopping'power'v

- thedry and a‘sihgle‘ﬁit tafget model.
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Fig. VI.~

~49-

The'pulse:height.spectrum'or eﬁergymdiéfribution of signal

from the lithium drifted silicon detector at 350 kv. The

measurements were made by scanﬁing the total eriergy range

:of the analyser window at 0.02 volt intervals.
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Fig. VII.

The pulse height spectrum or éhefgdeiétributidﬁ of.sighal.

from the lithium drifted silicon detector at 650 kv. The

, measdfeméntsWere~made by scarning the total energy range

inthéianalysér wiﬁdow at 0.02 volt intefvals;‘f
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i g Fig. VIII. The relation between the efficiency of the lithium drifted

g silicon detector and the electron.incidenceJmeésured by it.
? ‘ The conversion from electron density at the detector to the

‘detectors actual count rate is for the defining aperture

i - — uéed.(0;0368,cms diametér);‘
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LEGAL NOTICE

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