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ABSTRACT

A 10-KV ion acée]érator is described with Which ]4C*-beams of

1-2 pA intensity and variable energfes_between 3 eV and 15,000 eV

(at ca. 3 eV energy spread) are obtained. .The chemistry of_these

fast ]4C+-ions‘w1th various chemical substances in which they are

absorbed can be investigated.

At energies above ca. 100 eV the hot-atom chemistry of nucleo-

genic carbon isofopes can be ;imu1atéd with this equipment. Below

100 eV, -the dependence of the product-yié1ds oh the kinetié'energy ‘

_can,give'va1Uab1e information about the mechanisms and kinetics

underiying the product formation. Méthods,vand their limitations,
emp]oyaE]e in this new‘area.of chémicaJ“eXperimentation.are diécussed.
Thé formatioh of products from faét']4C-ions and atoms in solid
benzene (-196°) were investigated. The yieldé-df.the seven magjor
products (benzene, toluene, cyc]ohéptatriene; phenyiacetylene; bi-
phéhyl, dipheny]methane, énd-pheny]cyt]oheptatriené) were determined '

as a function of the'beam energy.' The yields of toluene, cyclohebta-

triene, and ﬁheny]acety1ene strongly decrease as the beam energy

_decreasés below 100 eV, while those of all other»compounds remain
_constant.  The energy-independent yields indicate that the corres-
“ponding products are formed from carbon atoms with less than 3.eV

. energy. At least 15% of the initially fast carbon ions end-Ub'in

this form. The energy-dependehf, i.e. decreasing yields of toluene

ahd-cyc]oheptatriene, are interpreted as being due to the decreased



”",products,‘the fast

~ji-
chance of hydrOgen pick-up to form the precursorstHZ, as the‘beam
eenergy decreases below 100 ev. A'simi]ar cohclusion‘is drawn for
the assumed precursor C H for pheny]acetylene This indicates that
p1ck up of hydrogen or carbon extends up to 50 eV or more. At
least 6% of the (high energh) carbon jons react in the form of CH2
and 3% in the form of C2Hx | '
o One add1t1ona1 major product (benza]dehyde "y- 2") conta1ns
‘ oxygen, pos1ng a. problem wh1ch occurs uniquely 1n th1s part1cu]ar
”acce]erator techn1que, name]y poss1b1e contam1nat1on of the chem1ca]
E system during the'"irradiation"f 4"U42“'s abnorﬁa] yierodependence
~on various exper1menta1 parameters (g;g; the yield 1ncrease5'three-
fo]d as the beam energy is lowered from 15, 000 eV to ]OO ev) is
d1scussed in th1s context.
A part1a] degradat1on of cyc]oheptatr1ene shows a large extentb
: of 1somer1zat1on, 1nd1cat1ng that the reacting CH2 carr1es high
internal and/or kinetic energy into the product. |
A method is -suggested which permits the investigation of
14

.reactiVity inteQra]s,in terms of the ratio of']ZC-products to " C-

]ZC-atoms being a'consequence of the energy loss

14

of the fast '"C-ions. This method may become a useful adjunct to

moderator experiments in hot-atom-chemistry.



~iii-

ACKNOWLEDGMENTS

During the six years wh1ch I stayed at th1s laboratory and
dur1ng a part of which this thes1s was prepared, I have come to
work and 1nteract with a Targe number of peop]e both in this
1aboratory and outs1de of it, both temporary and permanent asso-
ciates of the Lawrence Radiation Laboratory and the University
of Ca11forn1a 1 cannot attempt to express my apprec1at1on to
each one even though know1ng]y or not his he]p or advice may
have been crucial for my advancement However, as I am a]so about“
to conclude my rather extended visit to this country; I would Tike
to mention those who have been moSt.influential ﬁn'making this
per1od prof1tab1e | |

| I owe to Dr. Calvin the privilege- of pursu1ng this project at
his laboratory with ample and-generous support.. To Dr. Lemmon I

am gratefuf for unceasing encouragement and patience during the

.'long and rather unproductive periods of instrumental development

of the acce]erator. He has confident]y supported me in many un-
clear and d1ff1cu1t situations and advised ‘me in academic and
personal as we]] as sc1ent1f1c prob]ems

Tz—Hong L1n has been a goodﬁcompan1on in many'common exoerié

ments} Had it not been. for his knowledge, ski11'and endurance;

"many;of onr achievements. would not have been poSsdble.

Laét, but certainly not least, I want'to thank all those who -

:_have:directly and frequent]y'cooperated with me on my many



~jy-

prdjects; Wallace Erwjn, our glass blower Bill Hart, carpénter
Dick,O'Brien, our electronics staff Bob Creedy and John Despotakis,
;Pete DoW]ing.and Del Coleman of Donner Laboratory, and Reed
Johnson~of'the Sfudent Machine Shop@ It was their fine‘and ima-
giﬁétive:work"whjch ;uppliedve1Egaht and effective sb]utfbné'tO'“

" 'numerous complex instrumental requirements.

1]



- ABSTRACT

'_V-

~ TABLE OF CONTENTS

!

 ACKNOWLEDGMENTS -

TABLE OF CONTENTS

I.. INTRODUCTION

1. ‘The Scope
2. EduiVa1ence of the Hot-atom and}ACCelerator'Chemistry
of:Carbon_Isotopes | |
: a) Atomic,Parameters_
b) Radiation Damage
3. Relation to other Beam Experiments

-

I1. THE ACCELERATOR

1. Introduthpn
2. Ion SourCé
a) Filament
b) Wall-Voltage
c) Anode B
d) Gas Supply and Efficiency -
lé),Genera] Performance |
3. State of the Carbon Ions

» 4}. The Kinetic Energy'and State of the Carbon-atom Beam

1
1
15
16
24
26
27
32
36
40



(o) BN S 5}

10,

III.

-Vi1-

TABLE OF CONTENTS (continued)

" Mean Energy and Energy Spread-of the C'-Ion Beam -

Ton-Optics

" a) Extraction and Electrostatic Focus Lenses

b)’The Qete]érator

~¢c) Alignment
d). Magnet

Vacuum

. Target

. a) Geometry and Accessories =

b).BenZene Depositioh

| c) Charge Build-up in‘the Target

The "U-2" Problem

Dummy Irradiations

HOT-ATOM PHYSICS AND CHEMISTRY

Interaction of the Ion Beam with the Solid Benzene

" a) Surface Penetration

b) Energy Loss and Range
c) Macko-StructUre‘of thé Solid Benzene
d) Charge and'EleCtronic.State of 14 in the
So]idﬁBenzéne |
1) Experfménfa] background

2) Theoretical background

‘Pag
44

56

56

61

65

65
68
70
70
71
72

80

83
84
| 85
93

96
96
100



~vii-

TABLE OF CONTENTS (continued)

2. Hot-Atom Chemistry 6f»Carbon_.
a) ExperimentaT Background
b) Interpretations

c) Theoretical Background

3. Accelerator Chemical Experiments

a) General Irradiation Procedure -
b) Recovery of the Sample

y
c) Identification'of‘Products
) .

d) Hydrogenation of the Irradiation Mixture

"'e) Routine Yield Determination

f) Miscellaneous Irradiationé (]-4
1460* -bean, etc.)

4. Ihferpretation of,the Yié]dAEnérQy Data
,a);To]uéne ahd_Cyc]oheptafriene

: b):Phenylacety1ene

c) Benzene, Biphenyl, Dfphenmiethane; and -

- Pheny]cyc]ohéptatriene

IV. DEGRADATION OF CYCLOHEPTATRIENE
1. Introduction |

. 2. Degradation Attempts

" a) Via Diels-Alder Adduct
b) Via Oxidations -

I ¢) Via Reductions

C-atom beam,

Page

105

105
106

108

R

114
115
116
121

121

132

134

137
141

146

1471
147
]49
149

159
160



~viii-

© TABLE OF COKTENTS (continued)

| Page.
3. Partial Dégradationsfof ]4C-Cycloheptétrienei'
from 5—KeV-Irradiations - - : N L
4, Intekprefation | :] | ' :_" ' 5 .' : 165\
. V. APPENDICES |
_ A; Sources for Fast Carbon Particles o ﬁi. 169
'B. Derivation of Collision Functions and Vield-
Energy Cuse;. o : T | 170
C. ClassicalvﬁéchaniCs of Bimoiecu1ak Co]]ﬁsions} )
| (Pick-up and Ihsertion React1ons)' , ?33 o 202
D, Some Entha1py'of Reaction Values R ' 210

_E. The S/K Method . D 214

REFERENCES , R - 223



ay

I. INTRODUCTION

1. The Scope

Interest in hoteatom chemistry (the chemistry of fast atoms, mole-
cules, etc. ) is of both a practical and a theoret1ca1 nature. Thé
isolation of art1f1c1a1 isotopes from nuc]ear transformat1ons is fac1-~
litated by opening chemtcal pathways to them wh1ch are Jnaccess1b]e

yto:other'products, or, in particu]ar;vwhich are not accessible to
their natura] 1sotopes ! Through hot-atom'chemicaf'experiments; im-_
proved or new methods m1ght be developed for this pract1ca] purpose

However, h1gh energy spec1es enable one also to extend reaction

kinetics -and mechan1st1cs we]] beyond reaction energy thresho]ds_;

to the upper energy ]1m1t of any chem1ca1 reaction. The 1mportance ‘

_'for the study of the genera] theory of mo]ecu]ar dynam1cs is obv1ous 2,3
“Nuclear transformations are also a means of produc1ng atom1c

species which are_otherwise available only throughvelaborate equip?

ment. Single carbon atoms, for 1h$tanoe,tcan be brought to react

with chemical syStems'on1y by introducing them through thermal

4s5 or fast jonic beams , or through nucleogenesis (see Appen-

atom1c
. dix A). However, sihce-the_initia1 energy of nuc]eooehic carbon
atoms fs both anariab1e and well above ehemicaT energies, the

] kinetics can be investigated ohly ih terms of the state of the tarf
get material (i.e. through temperature, den;ity,'and phase depen-

dence), in terms of alterations of the primary co1liston density b
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the addition,of,moderétors to the reaction mfxtdre, and by axthird'
method outlined in Appendix E. The yield, y, of a,compouhd_is re-
'1afed to’the coT]iSion dénsity, K, through an integra16 _

Emax’ o . _ .
y = af r(E) - K(E,Eg,S) dE ,
E, SR
: wheré'r(E) is the ratio of reactioﬁACrGSs section ﬁo kinet{c ¢r055:
sectidn at the energy E, Eé is the thkesho]d energy (“activatibni
‘ | fs such.that r(E) = 0 for

energy" of the chemical reaction), E s

E?Ehax’ and EB isvthe maximum energy (= beam energy)'thatja fast_par- E
"tic]e can'aftain.':That'the co]Tisfon functionlé]sé depends on the
vconstitﬁtion of the system is éxpressed by the varfab]evé.. Be§5u§e
of this integral relationship between K and y, éhanges.in'y will be-
come apparent only through large éhanges of K. The dependehce of y
on Eg is appféciéb]evonly if‘EB is in the ofdef of magnitude of E oy
The different initial energiés'in the nucleogenesis of éarbon iso-
topes,‘h0wever; is‘a]ways much ]arger‘than Emax,vahd the dependen@e
| ofvy on Eg cén be studied only with equipment which broduces céfbon‘
;iopslof‘atoms with energies variable in the chemicaI'rénge-fsuch as
vtﬁé_acce]erator described in this thesis.- Accelerétor hot-atbﬁ&'
chemistry is therefofe,_in-genera], a valid extension of c]éssica] 7 ,.; ¥
(nucleogénic)‘ﬁot-atom chemistry, and hay also be a va]ﬁab]e'fdo] in
generaT_reéction kinetics. | | |

In principle, if K is known, the kinetically interesting and.
imporfant functibn.r(E) can be calculated from the EXberiﬁentalTy

determined function y(EB). However, K is not-knoWn for most systems, -
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and only certain gross features of r(E) have been determ1ned 7 How-

ever, the y1e]d functions y(E ) a]so give valuable Lnformat1on about v

intermed1ates and precursors,s as-this thesis reports.

|

Unlike mo]ecular ‘beam exper1ments, where abso]ute Cross sect1ons

perta1n1ng to spec1f1c e]ementary reactions can be determ1ned hot—

atom chem1ca1 exper1ments yield, at best, “cross sections” in terms of

|
'_another cross sect1on (e]ast1c scattering) for a complete react1on,

i.e. 1nc1ud1ng a]so the stabilization of the product " r{E) is there-
fore a]sk system dependent.’ In addition, both funct1ons, j;ji, K and
r, are a&érages over all quantum_and c0nfigurationa1istates of the
co]1idih§ systems. ATl details of atomic movehents are“comp]eté]y
biurred.j However, it is exactly for this reasdh.that this new field
of ofganﬁc chémitaT experiméhtation'can serve as a Tink between
thermé} organicvchemistry‘and crossed-beam eXpeftments}

1t ?s ndt:surprising, therefore, that the ihterprétation'of’hot—
atom resQ]ts_uses the language and approaches of either field. Here,
as'certagniy in many other areas of the experimental sciehces,_experi?

mental d1ff1cu1t1es (occasionally very great), not ‘to speak of the

dwff1cu]t1es of .combining the results (f1na11y obtained but possibly

l
adulterated by experimental compromises) with theory, frustrate prog-.

ress towards the final goal. In approaching.such a re]atiVely new
experimental field it is probably most profitable to first éxp]ore-
its extent and 1imitations.rather than to pursué ohe particu]ar ob-
jeétive in (perhaps unjustifiab]e) depth. This. thesis iS the result

of such extensive research.
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2. Equivalence of the Hot-atom and Accelerator Chemist[y,of-tarbon
: - ‘

IsotoEe

a) Atomic Parameters -

D1sregard1ng for a moment the rad1at1on damage that any h1gh
energyninteract1on 1nf]1cts upon the system under study, the main dif-
H‘ferenceszetween ion# (or atom-) beam and nuc1eogenic hot-efom’ehemisQ‘
:try are: 1) external versus internal generatibn, 2).djfferent 1nitiaf
_"energy,'and 3)-dffferent initial electronic states. , | |
| ‘1) If the kinetic energy of the external jon is sufficient]y,
, high.that it penetrates the surface layers of our solid benzene target -
1suff1c1ent1y deeply so that the "chem1ca1" 1nteract1ons are with "bulk™
| benzene rather than "surface" benzene there must be equ1va1ence con- =
cern1ng point 1). The\penetrat1on even at 200 eV.kinetic energy is
sufficiently good (j;g, more fhan five molecular diemeters, see:Chapter
111, 1) so that above this Timit equivalence obtains. |
2) The interactions of'fast heavy particles with matter are

9,10 at Ve1ocities above the

discussed in- many comprehensive reviews.
Bohr-Timit, energy loss proceeds via ionization and excitation. Be—e
1ow_the'Bohr-]imjt, elastic collisions with whole atom§ become the
prime energy ]ossimechan¥sm‘(see Chapter III, 1). Since the:chemical
eneréy range lies at least two orders of magnftUde.beTow the Bohr-]imft,
the question concerning point 2) can be reformulated: To what extent g
does the collision function K(E, EB,S) depend on-EB? It can probably

~ be derived from genera] theory of entropy that theviarger'the number

- of statistiea] events involved in the evolution of a state, E fkom EB,

bthe smaller is the correlation with the first event, which‘isnnot



'.‘5f
I.statISti;aI (thé firét collision has to occun aflthe energy IeQeI of
entry). | Therefore, the IérgerzEB the lesser Is K(E,Ep,S) a funttion
of EB' PIaczék]] has naIcuIated thé cnIIision function K“for diffe-.
rent VaIMes of Eg assuming only hard-spnéne elastic §cattening.‘nThe
'resuIt'iL that the asymptotic solution, i.e. the function K for E<<Ep,
is Independenf of EB;'and it is a good approxImation to the actual
squtioni if E<0.3 Eg. Thus, as long as the.initiaI énergy ié 2-3"
_t1mes the upper energy limit for chem1ca1 reactions, i.e. certa1nIy
'above 200 eV, equ1va1ence obta1ns again.

3) The eIectron1c state of a fast particle after sIow1ng

Y down to chem1caI energ1es is the subJect of a Tater chapter (III 1).

It is concIuded there that charge state equ111brat1on is a very rap1d -
. - | . B

process End that, if the ion bgam'energy'ié,‘agafn, highér by a factor',

of about: 5 than. the maximum chemicé] energy, the fate of carbon par-
ticles from the d1fferent sources is 1dent1ca1 The problem concern-
'ing the relative abundance of the metastabIe states of carbon are

also common to all generat1on'procedures, i.e. at energies above 200 -

eV, this accelerator and nucleogenic hot—étom'chemistry are totally
Equivalent.l '

b) Radiation Damage

NucIeogenes1s of ]]C or ]4C is’ a]ways accompan1ed by 1on121ng
radiatiOn which may or may not 1nterfere in the chem1ca1-react1ons to

He 1s s0 short lived (20 nin), only a

be. stud1ed However, since
- small number of rad1oact1ve 1sotopes need be 1ntroduced for detect1on
of the pl‘roducts.]2 Rad1at1on IeveIs be]ow 0. 0] eV per molecule are

considered negligible.
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In accelerated ion experiments such as ours theré is only negli-
| gible Bremsstrahlung production, even if all of the jons are assumed

to be decelerated to low ehergies before they are neutraTiZed “The

total energy incorporated into the sample via bond ruptures and momen— '

tum transfer 1s therefore equa] to the energy of the 1on mu]t1p]1ed
with the number of ions 1ncorporated dur1ng the 1rrad1at1on At-10

o KeV energy, 1 uA intensity, and ca. 100 u]/hr benzene depos1tioh (1;5;.

»behzene:carbon,'104:1); the average'"radiation dose" is'apprOXimateTy

1 eV/molecule, a rather large ftgure. In criticisms of this accelera- -

tor ]4Céhot atom cheM1stry, this "radiation damage" seems to have

been attributed to the ]4C—isot0peg which s incorrect, as ‘the follow-
' tngtparagraph points out. The reason for this error is' that most of

| h 14

the nucleogenic hot-atom chemistry wit C has been abandoned in

favor. of H
system which had to be tolerated in order to obtain detectable amounts

]4C 1abe1ed products However,vthis.radiation damage 'is a conse-
quence of the. generation brooedUre‘and not of the’isotope; There-
fore, acce]erétor 14 -
.disadvantage over ]]CfnucTeogehic hot-atom chemistry.

As pointed out in detail in Chapter III, 1 and'Appendtx*E, the

. initial eneréy of any fast partfc]e is transfered to a terget by
quasi—e]asticvoollisions maih]y with other carbon atoms setting up an
ave]anche of secondary carbon atoms. In a solid orv]iquid target,
such an avalanche comprises a certain volume out of which the target
molecules do not drift : Poss1b1e 1nterference between the pr1marv

particle and secondary particles in th1s volume cannot be avoided.

C because ofbthe large "radiation effects" on the chemical

'C-hot atom chemistry is in general at no fundamental
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But the overlap of the.ava]anche-arEas of different fast partié]es can
 be avoided. If this ié guaranfeéd”(although it’maytnot-be really
| necessafy) the ]4C+-beam'chemisfry'should be, if ahything, superfor
to:the much-highervénergy;:]]C-nucleogehic hot-atom chemistnyf‘ |

"To obtain a rough idea of the "ava]ahthe-vo]ume" we consider a _

10 KV carbon ion:which-has'avbenetratidnﬂdepth of ca. 0f75 x 1074 em
and may be scattered ihto a cone with a generating angle of 39° (Chap-
ter III, 1). The volume of‘such a cone comprises ca. 109 benzene
molecules. 'At-lo KeV the ideal rafio betweéh benzene mo]ecu]es{to '
-]4C—ibh5”Shou1d be, therefdre;'log‘or larger (from which wé ére‘far |
off)gvahe "avalanche-volume", howevér; vafies”aphkoximate]y as the
sécond to”tﬁird_power df thé enéng, i.e. at hiéher energies'(T]C)
this ratiolshould be even much lakger; while g;Q,Uat_loo eV enekgy
-the ratio need to be oniy betwéeh 103 and 105, éo théf at and below
100 eV, with the ratio df‘104, our hot-atom chemistry of carbon in
benzéne should be free of any interference from the oVer]apping of |
”ava]anchééhf' That the above'deriQed ratios are perhaps unneces-
sarily high can be seen from this (compare Appendix E): The number
of secondary atoms created by a 10 KV ]4C§10n is approximatéiy 103 -
104. Most of these seqondary atoms.wi1] coi]ide'with only a few ben-
zene moTecules because of their Tow energy. Therefore, the ratio -
between benzene mojecule;.and secondary atoms will be 104 or more, $oO

that the chance for double hits within this avalanche is extremely |

1ow}
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3. Relation to Other Beam Experiments

. In thehexperiments of this thesis as well as most Othérlhotfatom
chemistry, the number of collisions which have to be conSideréd in
the product formation is.practica1]y infinite. The collision pfobé;v’
bi]ity'K is.determined by the cross section for elastic s;afteriﬁg,'
dog > and, tréated usually as perturbatibn, by the.tgtal reaétion
cross.sectioh, gy ai] of which are functﬁons of the energy. In
ordér to measure tﬁem, single collision Scatteringjexper{ménts
(cr&ssed;béam, thin gas target) have to bé‘peffbrmed;'uDifféréhtfa]

. cross sectﬁons’and'énergy analysis of the pfoduct be&ms usﬁa]ly peha-
- mit theAdetai1ed'ana1ysis of the ccilisionrdyﬁéﬁicg ddeitd the well-
‘developed theory of”ﬁcattering:3 | - |
If such expe}iments cannot be performed éndrmanyzgolliéions have
to be tolerated, one can attembt to cbmﬁdte the collision function by
making assumptions about the differential cross. sections, both reason-
able from aﬂtheoretica1fpoint of view and in agreement with comparable

13 Many very specificvfeatukes of these cross

experimental data.
_sections Wj]] be averaged over in this computation, making the co]]i;
sion functionlprobably not very dependent on thém. It is appareht]y 
because of thistihat co]]ision fUnctiOns obtained fkom*probab]y.
‘grossly'incorréct assumptions have been re]étiVe1y useful in the |
anaTysis of ho’c-a'com'data.]2
sion for the yield, y, of a compound,

' ‘min (EB,E]]) .

- Y(EB) = | ‘ r(e) = K(e) de .

ey

With K known, the Dodson-Miller® expres-



can be used to compute

-9 q
r = = - R
' At ¥ Ges 9total
where Eg = beam energy
'Eé’Ell = energy limits below .and above which q =0
q- = total cross - section for.the reaction leading

to the product»uhder consideration
€ = integration variable, energy

E = energy .

,In-general,fK(E)“turns out to be a function of the beam energy EB.

a) If K(E) is not a function of Eg, r(E) can be determined by a -

' 'graphical differentiatidn of Y(EB):

dY B o
— = r(E) - K(E) , and
dE . ‘ :
: I L dY
r(E) » = —_— —
K(E)  dE

'b) If the dependence of K on EB can be expreSsed'in_the’form

' K(E,EB) = K1(E) : KZ(EB) s

r(E) is obtained again rather easily: ..

' : 1 dy ' d1nk
rE) = - - — - Y(E) -
" K(E,E) dE S dE

2
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c) Outside these cases, r(E) has to be computed on a trial and

error basis. The computation of the reaction cross section can be

"caléulated from the.definition of r:

Q(E) = r(E) - gy (),

: 1f qtota] (E)»js known sufficiently accurately.

‘ Thus, in conjunction with other measurements (qes’qtr) many-
collision beam experiments can yield total reaction cross sections.
This method could be employed profitably if, for certain. reasons,

Single collision experiments cannot yield thé'desired data;_

Q@

&
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II. THE ACCELERATOR

1. Introduction

| At the ontset'of this work the acee1erator'had been in opekationb
a]ready w1th its main components (see F1gures 1a and 1b): don source,
acce]erat1ng electrode and first focusing lens, magnet, -and target |
]4C -jons had been per-

formed. 14 S1nce a good part of this thesis deals w1th the technical

and phys1ca1 prob]ems of operat1ng th1s acce]erator and w1th necessany

B changes, it is in p1ace to ment1on here briefly the original obJect1ves

“and considerations that the des1gners had followed (1959

a) The Ob\]ectwe]5

A beam of - ]4 -ions of k1net1c energy between <1 and 5000 eV

with an intensity of approx1mate1y 1 uA was the objective. “Such a

“beam wdu]d'produce.apprOXimately 2 X 104 dpm activity per'hour in a

prodUct of 1% yield (with respect to the total incorporated activity).

This is not only sufficient for detection of this product but also

~allows for further pdSsib]e Tow yield processing, such as chemical.

degradatidns.

{ b) Imp1ementation

Among the many types of available ion sources, some of which‘
I
16

were able to deliver several mA beams, the capillary-arc type = was

N . l . .
- chosen because it was at that time considered the only one which .

would produce a sufficiently intense beam together with a Sufficientlyw

Sma]T'(<1 eV) energy spread. (A sma]]kenergy spread is necessary in

o
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Figure la. Schematic drawing of the 10 KeV-Ion Accelerator.
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Fig. 1b. Total view of the 10 KV-ion accelerator.
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order to make low energy experiments, i.e. at less than 10 eV energy
meaningfu]g) Sepération of the ]4C+—1ons from other jons was to be
made in a magnetic sector field which required that thevkinetic

energy was >1000 eV. The capillary arc chamber was known 0 produce
maximum intensity beams at extraction voltages around 5000 V, which
fitted nicely to the separation requirement. The energy of the ion
beam at the target was'tb be contro]Ted by.appropriate deceleration
immediately before impinging upon the térget.v This was to be achieved
by raising the electrically isolated target and target box whose en-

trance apertuke was covered by a fine wire grid (¢ 2 mil, 10 mil

spacing) to the appropriate decelerating potential.

Howeveny—theunealizaiion_of_the_mentioned‘objebtjxes_Was‘QgseI

14 The striking and maintenance of the arc was -

by many problems:
difficult, théllength of irradiation too limited due to short fila-
ment lifetime, and the beam intensity at the target, particu]ar]y'at

low energy, was too small. It was recognized that, in order to per-

. form reproducib1e experiments in hot-atom chémistry, the functioning

of the tool, the accelerator, had to be much improved.

In the meantime, ample technical knowledge Has evolved concern-
ing particular features of ion sources, ion beams, and ion optics,
so that, if this accelerator weke to be built again today, it would
be designed quite differently. The prime interest was, however, on

its application in hot-atom chemistry, and improvements and changes

were dictated by the requirements of hot-atom chemical experimentation

rather than by the application and advancement of accelerator know-how

for its own sake. This report is therefore incomplete as an analysis
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» matic diagram of the acce]erator.
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of the accelerator and, for the same reason, the apparatus may appear--

to today's knowledge--awkward, if not clumsy. Figure la shows a sche-

\

2. The Ion Source

" The 1oh-source is of the meta]-capi]]éry type. It and its glass

16-20

version have been described in a few early reports. - In most

cases this type has been used for the production of high energy pfoton

21,22

beams with 1-10% efficiency.® Besides this relatively Tow effi-

ciency (for pkotons) the main drawback was the difficulty and unre-

1iability of operation. Seemingly, it was used for the productién of

carbon beams'on]y on a trial basis.]7

14

c*-ion beams for '°C hot-atom chemistry, i.e. with about 1 uA

23 24

intensity, have been employed by'A1ﬁpréndi et al.”™ and Maddock .

" The first group used a magnetically confined hot-filament discharge

.. . . ' + . '
as ion’source, the latter's jon source is not known. C -ion beams

of much smaller intensity for various applications have been obtained

from a variety of sources. 2>

Most of the observations with capillary arcs described by others19

. have been made here again. It seems that in view of its low effi-

ciehcy, its relatively large energy'spread (see Chapter'II; 5), and
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its difficu]t‘operation‘it might sodn‘be}rep?aced_by_a mbre~mddern
ion soUrce.. | | |

A schematic ofvthe arc chamber is shown in_Figure 2a. A hot
7 filament supplies the electrons Whith, after acce1eratfon by the
field between filament and chamber wall, ionize thé atmosphere;‘ Dﬁe
to the impact of the positive iOnSthiCh are acce]ératéd.ihto_ﬁhé-
cathode,vmdré electrons and positive ions are generatédvand a kégu1af
discﬁarge develops. then‘the.potential of the anode and wall are |
raised sufficiently high and when the pressure is ihcfeased to about
50 u, the p]ésmé is.drawn through the'capf11ary'tOWard§ the ahode.v

~ (This latter Operﬁtion is in the following referred to as "striking"

of the arc in the narrower sense.) The arc is now in its normal
operating cdndition, the pressure canube 10wefed aéain to 10-50'u,
:depending'on the gas used. The metal wall aﬁtsulike a giant probe
' and mainly serves to increase thé current density ‘and conéequént1y
the jon density of the constricted plasma, i.e. in front of the ex-
‘traction orifice on the side of the cap111aky.

a) Filament -

1) Power supply. It was recognized that the formerly ac-

' heatéd filament (usually a 1/16" x 5/1000" Rhe-strip, spot-soldered :
on stainless steel rbds) did not provide a continuoué source for
e]ectrohs. Due to sufficient heat-conduction in the surrounding
'atmosphere, the temperature of the fi]amént fluctuated with the fre-

| quency;of power 1npu£; 120 Hz, around an average value. THe tempera-hf
ture was, therefore, during cer%ain phaées-of the osti]lations, Tow

“enough to stop or at least substantially decrease thermionic emﬁssion.

{
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Figure 2b. Arc source (lower left); magnet yoke (upper right).
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Since this type (]ow pkessure) arc is maintained primarily by an ex-

ternal supply of electrons from an externally heated fi]ament,-the

'discharge'changed its characteristics with the changing fi]ament:tem-

perature. Proof for this situation was obtained when a complex

~ energy modulation (30§40'V p.t.p. at 120 Hz) of the beam was observed

at the discriminator s1it'(see:Figure 1) passed the magnétit field -
(see Chapter II, 5): Apparently, the plasma (bulk) potential from |
which ioﬁs’aré extracted varied in a complex manner accordihglto the
intensity pulsations of thermionic emission. After provision of dc-
heating of the filament, most of fhis modulation had'disappeared, the
remainihgvmodu1ation being due to the ripple onvother bower supp]y
outputs. The adjustable dc—powér supply delivers maximaT 750 W, with
25 ampvmaximum'current. However, most filaments reqdiré'only 10-15
amps (de¢reasfhg with age) at 5-8 V. The.thermiohic emission 1s,then:
aphroxihate]y 500 mA. . The maximum current ripple is 0;1 amps p;t.p;
at 10 amps load. |

2) Lifetime. At the same time with the change to dc-Cufrénf

heating, the lifetime of the filament, around three houfs before, de-

creased to sometimes only 15 min, depending on the number of times of

"stfiking" the arc. This and the large arc current peaks observable -
during "striking" of the arc immediately led to the solution of the
Tifetime proB]em: Most electrical discharges exhibit, at least over
a certain range of arc parameters, é negatfve vo]tage—current
characteristic, i#g, are electrically unstable. By switching in

series with the arc impedance a sufficiently 1que real impedance,

‘the overall load to the arc power supply has a positive characteristic
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and the system is stable. However, when the.arc qur}ent is limited
'_by the 1imifed'ehission of eTectro;s from the hof filament, no such
externa] stabi]iietioh, or very little only, is needed. An arc with-
ehfac-heatedefilemeht may be current-limited on the average overlfhe
ac-cyc]e'and may therefore not requike extensive exterﬁa] stabiii—
zetion. A 300 @ series resistor h%d, therefdre,’been'found adequate,
previously. However,‘during the aL-phases of hﬁgh emissivity the
arc was temporarily unstable and high curfent spikes were apparently
able té'déVGJOP:wJSUChvcurrents are known to cause_]ocal'heatihg of

the cathode to such an extent that evaporation of the filament

materia]"may reeult - After changing to dc—heating, however, the

91Pctr0n_em3ss1on_was.consiant,_and the~prev1ous~curren+ 11m1f1na
phase of the electron emission was missing. Wh11e the arc-was re]a-
tive]y;sfeble once it was "struck", it exhibited a vmolent phase
dering "strikfng": The arc current jumped for a moment ub to more
than 3 A and the filament CUrrent.meter registered a change by
several: amps. After a few repetitions of this striking procedure,‘
the filament was burned out because ef vaporization of the filament
'material The same process, only with Tess 1ntens1tv yet per1od1- :
cally w1th 120 cyc]es and aided by|some 10 uF f11ter capacitors |
(wh1ch.acted here as a short-Tived, high current source), is believed
to have been the prime cause for the short filament lifetime of 3ehr$
or 1ess, prev1ous]y found with ac heating.- |

| After 1ncreas1ng the external resistor to ]000 Q, the current
spikes were sufficiently small and the Tifetime jumped to around 25

hours and seemed -to be independent of the frequency of striking the
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arc. The lifetime seems to be 1im1téd now by ordihafy-sub]imatfdn~
of fi]ameht'matefial_a}ded possibly by_chemicall(”getting") inter-
- actions with thé atmosphere or p1asma.26 However, the.1ihitaffon:is
not serious since after abproXimately 25 hrs operating'timévthé de]e
- arc chamber has to be disassembled and thoroughly cleaned, at which
tfﬁe filament replacement is quite opportune. Simiiar iife spans of
filaments under comparable conditidns have been observed by othérs,
too0.2’ | | | -
3) Material. ‘It was recognized at the same time that the
filament material had no apparent effect on the lifetime, contrary.

1% The claim that Rhe also has the advantage of

28

to earlier reports.
not forming a carbide, - the main cause for the7britt1eness of tung-

- sten and presumed cause for emissivity f]uctuatfons.éftér brief
Jusage, is incorkect. This was shown by fhe fnabi1ity to dissolve

all of a used Rhe filament in concentrated HC]. A shei]:Of, most
11ke1y,.a'Rhe-carbide persisted. If is true, howevér} that‘a used |
‘Rhe-filament is far less brittle, and therefore Tess Tikely to break
under mechanital'stress than tungsten. However, the ease of availa-.
bility and moUnting of tungsten wire, a stock materiaf, dictated the
use of tungSten aéﬂfi]ameht material. Another possible advantage is'
that tﬁevrate of evaporation of tungsten is about 150 timés lower
than that of phenium at equal thermionic emissibn.28 Barring any
chemical effects, this should make a tungsten fi]ément moré long-

 Tlived. Tantalum and thoriated tungsten wire have been tried also.

However, no 1arge'difference from tungsten was apparent.
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4) Geometry and position.I-Yetfanother phenomenon turned out

to be:of importahce' 'Breakage of %i]ament whether rhenfum or tung-
sten, always occurred at a p]ace least expected--near the ho]d1ng

~ rods (see arrows in Figure 3, b) Inspect1on of the filament after
'some intermediate operating time showed a definitely decreased~th1ck-
hess in the same areas. Most likely, ‘these were also, and not the

. fip, the‘area of most intense eieccron emission at that'ohaSe of
fi]ament 1ife. (Comparison with.Figure 2a shows that the initial
arc, between filament-and wall, wod]d be 1oca112ed’at ouite a dis-e
tance frbm the entrance to the capillary--thus increasing the diffi-
culties of "striking" the arc through it (see Chapter II, 2e). In

order—to~alleviate~ihese_diiuﬁcmliies_iheﬁemission_was*usuaJJy_in— '

creased by increasing the filament current thus acce]erat1ng the

consumption of filament mater1a1. It was, however the problem of

» striking the arc at 1ate stages of the filament life and not the

des1re to ]engthen the 11fet1me that led to the 1nvest1gat1on of

this phenomenon. Usua]1y, the filament was mounted as shown in

Figure 3, b. Protection of the area, 1ndicated by arrows, by ceramic
tubes did not 1mprove the situation very much . Finally, since it was'

_.felt thatithe consumptfon of the fi]ament materia1 at thesevboints

had something to do with the closeness of the arc chamber wall, the

filoment'was mounted as shown in Figure 3, a. The overall filament

length was also smaller now. The effect was ease of striking ofethe

arc at all filament ages and eventual burn-out at the tip. The

higher consumption of filament material near the arc chamber walls,

however, is essentially not understood. There-is no indication that
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Figure 3. Hot-filament cathodes.
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the shape of the filament, or whetper it is round wire or strip, haé_};-

any effect*upon the arc operation.

Lamar et al. 19 had found that the distance of the cathode (and
anode) must not be too large for smooth arc operat1on To 1nvest1—
gate this'effect_and in- the hope that the early ”striking" and hath
tenancerdifficulties cod]d be a1]eViated, the filament was mounted

] . ‘ .| _
oh an actuator with a travel of ca. 1.5 cm along the capillary axis.

- The result was that at a distance of 1-2 mm between filament and the

_capillary entrance the arc "struck" very easily. However, the energy -

“spread in_thevipn:beam (see Chapter'II; 5) was increased at the same

I : .
time,(which was undesirable). On]y at distances greater than 2 cm

_did-the striking-beco e_markedly_more~d1ff1cu]t The filament-

cap111any distance was therefore held between 0.5 and 1.5 cm.
| The f11ament can ea511y be removed and rep1aced by a new one so
that the ‘accelerator is back in operat1on after not more than 30

" minutes. (if not too goodza vacyum in the accelerator is requ1red).

b) Wall-voltage Power Supply

Pferous]y, the voltage of the arc chamber wall with respect -

to the cathode_Was supplied from the anode through a 40 K @ resistor. "

By inéreasing the output of the anode power supply, both anode and
wall potential wene raised until the arc struck, causing a larger
 current across the external series resistor and lowering both poten-

tia1s'simu1taneous]v. , ('

14

For severa] reasons it was found advantageous to be able to ad-

just the wall vo]tage 1ndependent1y
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1) Previously, in ofder to obtain suffiéient]y‘high:wa11
vO]tages (which is necessary for "striking"), the voltage drdp'.'
across the 40»K 0 resistOf had to be small, that is, the cathode to

wall current, and thus the thermionic emission, had to be small.

"~ - This, however, was adverse for the maintenance of the'arc immedia-

tely after striking.
| '2)‘Higher arc stability and reéistance to breakage, caused -
by occasional discharges (see Chapter II,,Zé), was observed af'
higher wall vo]tagesithan thos? obtainable with the above_set-ub.'
| 3) The energy of the ions depended somewhat on the wall
voltage (see Chapter II, 5), and it was expected that a more stab]é
w&]]-vo]tage;wou]d also stabilize the energyi

4) Both beam intensity and energy épread seem to depend on

' thevwall vo]taQe. An adjustéb]e wall vo]tage was expected to allow

for optimization of both. Similar effects had been observed by Lamar

1.19

et with H2 as feeding Qas.

A power supply was therefore built which delivers up to 120 V at
1.5 A dc, unregulated, with a ripple of 0.25 V p.t.p. at 400 mA. Be--
fore striking the arc the filament current is adjusted so that at

about 90 V wall voltage and approximately 20 ﬁ pressure the current

~to the wall is approximately 400 mA. As soon as the anode voltage

is raised -above 100 V the arc strikes through the capillary. The
wal]-voltage can now be adjusted between 0 and a value ca. 40 V be-

low anode voltage. The arc extinguishes if the wall voltage is made -

‘negative with respect to the filament. if one attempts to raise it
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' abové'a certain ]imit the anode voltage bégins to-riée also, staying
ca. 40 V aoné that of the wall; the arc current, i;g,.tne current
.acfoss the‘anode;vdrops.

The effect-of}varying the waii.voltage upon the beam nutnut“are~_

19 The main effect is the decrease of the enérgy_spread_

yeky compiex.
with increased wall potential and the higher arc.stabiiity. The
~effect upon fhe intensity is small if fhe anode voltage is high. |
With wall voltages up to 120 V. available, the “striking" isévery
: easy.eVen at lpw gas pressures. Thus the overall consumption Qf gas

(T4C02!)_is greatly reduced.

c) Anode

- Since the voltage ripple on the anode power supply output—

"under operating conditions was several vo]ts, anvLC-fiiter:wgs
switched in series with the arc 1oad; This decreaéed'the Yipp]e to
ca. 0.15 V p.t.p. at ca. 100 V and 400 mA between cathode and anode.
Thus, the potential of_any point in the arc discharge with»respéct
to fhe éathode was time‘independent.within 0.2V p.t,p.,'uniess high
frequency oséi]iations appearéd (see below, II, 2e).

The influence of the anOde/cabi]]ary distance was investigated
_ also by mounting the anone on an actuator with the same tkavei and
'diregtion as that of the cathode. Only if the anode was closer than
1-2 mm to thevcapillary was there an'adverse effeét upon the stabi-
1ity‘of the arc, i.e. the minimum operating pressure was larger (see
Chapter 11, 2d). '

The shape did not seem of any influence. It was oniy tn in=

crease its area that it was given the cup shape (see Figure 2a),
!
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because it was noticéd.that the:anode accumulated an insolating de-

posit which made the operation of the arc very difficult. We hoped

that an 1hcreased area would 1engtheh the time between the necéssary
t]eanihgs. However, the speed of accumulation seems to be dependeht
on so many‘factors that it is not ﬁossfb]e to tell whether the hopea
for effect has materia]ized.' | |

The accumulation of deposits, probably particu]ar]y on the
anode (see Chapter II, 5) has a profound effect upon the energy spfead

and the true mean-energy.of the emitted ions. -The spread increases_

_ strong]y, and the mean energy can decrease by as much.as 10 eV.

F1gure 4. depicts the current- vo]tage character1st1cs for th1s

- capillary arc (somewhat schematically).

d) Gas_Supply and Eff1c1ency x

Gases are supp11ed from reservoirs at 10 to 50 mm Hg pres-
sures at ground potent1a1. They are insulated from the arc chamber
(at high voltage) by ca. 20 cm long, 7 mm 0.D. glass tubes. The

pressure in this glass tube has to be either sufficfent]y small or

sufficient1y high to prevent glow discharges from striking across‘

it, 29 e. g CO has to be kept above 5 mm Hg, Ar above 50 mm Hg A

-'need1e valve at the entrance to the arc chamber regu]ates the gas

flow from each reservoir.
In order to monitor the gas pressure inside the arc chamber,

a the?mocoup]e gauge (Hastings “T", 1—1000 a),.was te-ed into the

gas supply Tine near the entrance to the arc chamber. The poWer

supply for this thermocoub]e gauge, of course, is insulated to .10 KV.
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~ Figure 4. Arc operating characteristicsvfor'different states of

the arc chamber surface and for different arc atmosphere pressures.
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A check showed that the arc chember pressure at the location of the
fi]ament Qasiequa] to the pressure measured‘fn the gés inpute1jne
within the error 1im1t§ of the insfruments, |
Wiéh fwo separate gas reservoirs, the actual feeding gaslcan
be mixeﬁ, if this is desired, just prior t0'entering thevarc .
chamberi This may be necessary for "difficult" gases, where subport
gases, ;s Ar, have been found to facilitate the operetionf |
oIt was also found that adm1xtures of He to CO2 in ratios up to
5:1-did not make the operation of the arc much more difficult, i.e e.

the m1n1;um pressure in th1svm1xture was nqt much'h1gher‘than that
for p’ure1C02 (see Table I), while the C+-beem intensity remafhed
UnaffectEd. That is, the efficiency 1nerea$ed by{approximate]y a
factor_o% five since the C02 flow rate and partial pressure were
decreaseh' This He-effect has been found a1so by others in H2 and

in d1fferent ion sources. 30

Foripure gases the beam 1ntens1t1es depend on the pressure as’
1nd1cafeﬁ for C from €0, or CO0 in Figure 5. At the minimum
operat1ng pressure, 1uck1]y, both the beam 1ntensity and efficiency
are maximum. The ion output also increases with inckeasing anode
vo]tage,;j;jg.-in the positive characteristic éegionv(compare_with
Figure 4). The arc is therefofe always operated at minimum pressure
. and maxihum arc voltage, although this is a father unstable condi-
tion. The maximum C+—f0n beam at the target is ca. 2 yA. The yield
- is, therefore, With 1 x 1078 mb1eS/sec C02 feed at 20 u o 0.2%.

With admixtures of He, this yield can be increaSed to O.S - 0.8%.

This may seem like a very poor efficiency; however, to our knowledge

it is the highest ever reported.
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intensity of ion beams
is determined.

o U W
2z

"Spark chamber gas", contains 10% Her - :
At 4000V ~acceleration, maximum mass to _pass through discriminator slit,at 3500 gauss: ca. 50.

From Pacific Oxygen, 99.6% 0, (2000 p lp
From Matheson Co., 99.5% C12

m Ar).

: Typical Arc Conditions])

Gas | AV AC WV WC 1P P ok PPstrike | Major Ton Beams-z.) (uA) Remarks
He 60 | 360 0 0 | 300 | 110 | 300 fe*:10. '

3) ' ’ +. The WC increases to 700 short]y
Ne 60 350 -0 0 50 17 45 . Ne :10 before striking
Ar 50 | 360 0| s0 8 5 |15 Art:20 .

 Xe 30 | 360 o | 20 5 1 5 | (20)¥
H,/Ar(1:1) 50 360 0 0 20 15 20 - oHt. :0.5; H :0.3
2 3

N, 50 | 300 0 o | 4 17 | 50 wti2; Nz*:.ls

5 o+ s
02 65 300 0 0 | 60 50 100 0 :1; 02 215 -
c126) 600 | 300 | 100 | 300 | 60 | 40 60
co 50 | 350 0 0 | 25 20 a0 | cta-2; 0t cotis; cotis

2 - 2 R
co 70 | 360 0 0 15 15 30 ct:1-2; o*1; cotas
CHy 80 | 300 | 100 { 200 {170 | 150 | 170 an H2+-3' Hyt:1; 20,15 citi0.5;

+
) CH2 :1; (CH 3 :2; CH4 5
HC=CH 50 350 0 0 30 15 40 cuti0.3i M ;10 These conditions for 1:1 Ar/CH,C1,;
24-26 272
- pure CH2C12: Pstrike: 100 uj
CH,C1, 50 350 0 0 30 15 20 however, no stable arc resulted.
AV = Arc voltage (V) 1) These are operating éond1t1ons Conjitibns before striking of arc: WV, 100V; NC, 500;
. AC = Arc current (mA) P, Pstrikes AV, 300-700V; AC, 0. |

ux : w:}}'ZSL:Zgi E;&) 2) Estimated from e/m scans behind the d1scr1m1nator s]1t (Figure-1a) 0.3 mm wide, at arc
P = Pressure () at which conditions as indicated. :

_Osm



-31-

<
=
5 2r
&
=
98]
&
g
1-—
=
=N
o
+
]
<t : .
= v S
0 | 1 . |
o 20 40 S 60 80
Yc0,- or M0+ PRESSURE IN ARC CHAMBER, in u
XBL 695-4228
Figure 5, ]4Cibeam'intensity at the target versus arc atmosphere

pressure, schematically.
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Another advantage of the two-gas reserQoirtsystem.is that the -
'tfansient higher pressure usually needed during “striking“,can be
supplied by the “easy“ (see Table I) aﬁd inexbensive Ar. Thus the
. ]4C02,pressure is a]ways kept at the minimum operationipreséure;
and Ar is'admitted for a short time only for striking. Thié, too,
_decreases_the,consumption_of 14002 cohsidérab]y if frequent-re-
strikihg shou]d be necéssary. | A

 Th¢ gas consumption ié monitored by 0 - 50 mm Hg pressure gauges
(Waliace and Tiernan)‘connected_with the reservoirs. whose voTumé had
beenrdetermined-(0;63 - 1). Thevre]ationvbethen gas_f}ow,_dn/dt; in

mo]es/sec,'and‘pressure decrease, dp/dt, in mm Hg/seéc, ‘s thérefofev

:The relation between gas flow and arc chamber pressure is, of
‘course, dependent on the nature of}the gas. Also, the flow through
the orifice (0.6. mm) changes from molecular to viscous as the’aré
chamber pfessure increases. to and béyond ca. 100 u. At 20 ﬁ the

flow rate for 14

CO2 is ca. 1 x 1078 moles/sec and approximéte]y
'pressure proportional up to ca. 200 ". Other gases (Table I) éxhij
'_bit_sfmi1ar (Wﬁthin:a factor of two, equal to that of COZ) f]ow.vs.‘

préssure curves.

e) General Performance of the Ion Source

1) Different arc chamber chéréeg, It was hoped that this

ion source w6u1d also produce, with sufficient efficiency; other
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]4CH +

ionic species from other arc chamber charges, in particular «

14CH4, with x = 1,...4 for low energy interactioh

ion beamsvfrbm
sfudies; This source was, therefore, tested for d1fferent charges,
and Tab]e»I’giVes a summary of this bbief survey.

It is surprising to find that H2, CH4,‘ahd,other hydrdcarbons
are relatively "poor" arc gases, since this ion strce had been ori-

+ 15, 19 Hewever, we beljeve

ginally designed for the production of H'.
that re]atjve]y'minor changes,'for instance in the geometry of the
.arc chamber, might make-if,a more efficient SOQrce for these iohs.
'This belief is encouraged by a lack of reproducibility of conditions
for these qases, a s1m11ar situation as ex1sted or1g1na11y for C02,14
wh1ch estab11shed 1tse1f as a good arc gas after extens1ve 1nvest1-
gation of the respective arc behev1or. ‘The fon beam 1ntens1t1es
were measured at the discriminafor s]if (Figure 1&) by'scanning"'
the‘magnetic'fie1d and by recording the voltage drob across a 100 K

Q res1stor from an 1ntercept1ng plate on a 5 mV - 100 V Mose]ey recor~_

der. Corrections for secondary e1ectrons were not made.

- 2) Rad1o-frequency osc111at1ons., Rad1o-frequency oscilla-
tions are common in ionic‘p1asmas.3] Such_oSci11a£ions can be |
generated in this source with all gases and for a variefy 6f arc
conditions. A clear-cut reTation between these ahd the osci]Tations
cou]d nof be observed. The oéti]]étions were undamped, oridamped
and puTsating at irregular intervajs. The rf-frequency, however,
was always rather constaht at O,SIMHz. Amp1itudes_ranged up to 5V
p;t.p. As described in Chapter II, 5, these rf—osc{j1ation5»ﬁay or

~may not have an appreciable effect upon the mean ion energy and the_'
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enefgyfspréad. This, agéin,_depends on'arc‘conditiOns in a very
cbmp]eX'way} “In any event, it is necessary, in low-energy irra- : -
diatiohs,ito continuously monitor the rf-level of the soufce, since
dufing any irradiation conditions may develop (e.g. because of the
}sioW]y.chahging thermionic emissivity of the arc filament) towards
_ekcitation of oscillations. Tﬁé rf-level is monitored by cqup]ihgv
an osci]ioscope through a 1 nF, 10 KV capacitor directly to the arc
‘chamber body. .Apparentiy, a large inductance of the rather'iohg.
connecting high vo]fage cable prevents the shunting of'thi§ signai
'through'the output cabacitance (0.1 uF) of the acceleration voltage
power supply. In the absence of rf-oscillations, only a éa. 0.3fv

p7tfpT—HhaShﬂ—ineise9~is;genenatedﬁby_$he;argJ -

3)'Difficu1ties in striking and maintéining»the arc'diéchafgg,
a’) Degogits: ‘It was found that after‘car 30 hrs-bpera-

'tion time in’CQ.2 R parﬁicu]ariy the narrow capillary, but also the .
- anode, had td be freed from insu]ating deposits. This is achieved
hy the use of fine mechanical abrasives. vA]] deposits cause great
~difficulties and may even prevent thevstriking_of the arc. A éiéan
arc chamber allows current adjustment'overfé wide range (see Figure 4)
_without”arc.breakage.. Wifh’déposits preéent, this range is'great]y
deCreésed and the arc voltage aiwyas éppears higher thén usual at the
.same current. . Sdhetimes the anode vo]tage'rises'sidwiy on its own
from 70 to -120 V’before the arc breaks. With deposits, the arc can - B .
- usually not be run at the minimum pressure. |
With\sdme gases, such aé.hydrocarbons, the build-up of deposits.

~.seems quicker than with gases like 602, CO,_NZ, 02, etc.
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-b)'Distharges:  In this State; i;g¥ with depbsits in

the ghamber, the afc'is.élso ver& sensitive to external ihf)uenbes;
for'exampTe,'occasiona] minor discharges_fn the beam region (due to
surfacé charge buj]d-up)} Such a discharge almost invariab1y caused
the breakaée.of»the‘arc and produced another discharge between the
arc chamber body near the'extréction‘hole and- the extractfon e]éct-
rqde (see Figuré 1a).. This secohdahy.discharge éaused fhe build-up
of 'deposits on both'surfaces, which in turn gave rise to secondary |
-ele;tron emission and furfher diéchafges. .Thus,ifinally, thg'arc
could be maintained only at rathef high’pressures.]4 Thé,accumu1atioh
of surface charges in thevextraction region is'pkevented;_or at;'
least substéntia11y decreased,;by'périédiCal cleaning (with Tiquid
metal polish) of a11'Surfa¢es and/or by coatihg them with éarbbn
colloid "Aquadag". | | |

With all the préviousiy mentioned stabijizing factors, clean
arc chambék, andvclean beam»e]ettrodes, the arc can be maintained .
for several hours at low pressure without inferruption. This is not

only expedient for 14

CO2 economy, but it is'the.précondition for
meaningful ]bw énergy'irradiationé which, too, 1asf several hours
and which requfre that thé trué mean ion gnergy'wﬁich is a sensitive
function of the plasma conditidns remaihs cbnﬁtaht within approxi-

. mately 1 eV over at least the same péribd.
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3. - The State_of fhe Carbon Ions

‘Although no explicit information is available on the state of
-‘the fast carbon particle after it has been collision-slowed fnto‘tﬁe
Ehemica1 energy range ‘in the target material, it is of general
-'ihterest to know the ‘'state that a carbon ion attains under the o
| bresénf cohdi;ions of'formatioh'égfgrg.if:éntérs the target. In

particular, if the carbon ion is generated with a certain kinetic

I

energy this will be of importance to the energy spread. The prob- ~ -

1ém'is'cbmp1icated because of the possibility of chemical reactions
- (resulting, e.g. from bimolecular collisions) in the arc source.
The mean free path at 20 u preséuke, apprOXimate]y 0.5 cm, is com- -

parable—to—the—arc—dimensions., and_one has_to_expect many collisions

::::

- before an ion.&iffbses:into the extractioh channel and leaves the
arc. On the other hand, these chemica1vreactions‘may be the reason
for the ré]at{vely-high yje1d in the'formation of carbon ions;from

COé;or CO. . There are many routes by which C'-ions are formed from

, CO2 in an jonic plasma as ours. For some of the elementary reactions

which are involved in these routes, detailed pﬁysico-chemica] data
are avai]ab]e. These permit one toztentativeTy piece tbgethér the -
chemiétry as we]]:as to deduce the possible electronic state of {
the carﬁon.ion.
Primary reactions:
| AP (eV)

€0, —&> C0,* ——C0* +0  12-15 (1)%

e

0, =00, +e” 144 (2)F
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o, 2>ct+o+0 o 2%.6 (3)3
0, -0, - 2 (e

Reaction (3) is probably the prime_source‘for'c+vfrom C0,. Inoue

34

et al. believe that this reaction involves the sequence of spon-

taneous decays

€0," —— 0" +0——c"+0+0 . o (3a)

They found that C* has an initial kinetic energy of 0.9 eV.

36

McConkey et al.~ have crossed a CO2 beam with an electron beam

‘with energies between 20 - 1000'ev'ahd'have been unable to detect
any‘radiatﬁve states of C, 02, and CO.. While this eXberimént does .
not rule out'the exiétenée of metastable étates ofbthese fragments,
it makes them un]iké]y; The carbon ion is, therefore, most 1ikely in

its ground state (°P).

‘The large cross section (2 x‘]O'J6 cm2) of reaction (1) and its
low AP make this reéction another"poSsib1e source for carbon ions

via the following sequence:

| AP (eV)
0 =2t Py rox (o) 228 (5)Y
N R O

Hagstrum determined the energy distribution of ¢t from CO and found

for (5) and (6) a mean energy of zero, with an energy spread of ca.
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_,2fev, somewhat tai]ing}tOWards higher'energies.37 This'keaction
-certain1y'is:the main sourceé of C' ffom Co. |

On the-other hand, Dixon observed that most of,the:emissﬁon

+ 38

~from a discharge in C0, was due to CO, .”° This, together with

~ Kuprianov et al.'s interpretation. of collision disintegration

broademed odd—mass'beaks,frOm COé as being due to39'
o co v AR ‘
CO * ——""g% C+ + 0+ s . ) A (7)

2 |

;make th1s poss1b1y another maJor source of € from CO2 since any CO2

certa1n1y undergoes many. co111s1ons with CO2 mo1ecu1es before ]eav1nq -

*———~——~————‘———~——the—seurce———Unfontunatelyﬂ_no_energy measurements have been made at’

these ct -beams.

fAnother route may be. the decomposition ofﬂcosz'from'(4)}t

Severa] authors40 -43 conclude thatTC02*+ decomposes by-the'fo110wing
4sequence
w0, ¥ —%> 200, )
COZ+*-‘ -  C0+ + 0 (spontaneous) . . | (9)

If'C is formed from this sequence it should obtain a h1gh energy

ol observed indeed a

.ﬂs1nce 0" does (5 eV) 4Q Field and Franklin
h1gh energy tailing 1n the C peak believed to be made from CO2 +
~ The observat1on that the most intense -ion beam extracted from ...
€0, in this ion source (see Chapter II, 2) is co’ seems to make_(3ai:'

~and possibly (8)tand'(9) dominant'reactions-in this plasma. Hewever,
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it is questionable if thé cathode fall, probably'fhe'on1y discharge
region where.e]ectrons_can gain véry high (>30 eV) energies, iS'larQe
enough tpiprovide 42 eV e]ectkons for,theiappearance of C02++

From the presented data, it is reasonable to concTude that
reactions (3a) ahd (2), fO]]owed'by-(7), afelmoét.]ike]y the main
sources for C* from COZ".Most'of the ¢t ions are iﬁ the-groﬁﬁd'
2!

~ state ( E) and ‘their initial energy spread may be ca. t TeV.

React1ons (5) and (6) are undoubted]y the major sources for C

1
from C0. Another contr1but1on is ]1ke1y to come from43

ot + 0 —s 0" + ¢t v 0 . (10
It is noteworthy in this context that the arc conditions and C' -
productidn efficiency are a1m05t‘exact1y idehticéTfor'CO2 and CO as
source chakge. The conclusions concerning state and energy of the

Carbon jon from CO are the same as for C+ from COZ‘
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"-4.' The K1net1c Energy and: State of the Carbon-atom Bean .
_ WA

In a few irradiations the 1on beam was neutra]1zed by charge ex- '

.. change at a W-wire gr1d (¢ 1 mil, TO'mIT spac1nq) Connect1nq t0-the

previous chapter the state and energy of th1s atom1c carbon beam is

A

d1scussed

The phenomena of ion. 1mpact on metaT surfaces have been rev1ewed

“by M. Kamynsky in 1963.44

become avaiTabTe-thch deal with the spec1f1e_quest1on of the;energy; :

and state of an atom beam produced in.the abové manner. The pro-
. cesses Teadjng‘to the production of these atoms are a function of:

: the'kind, state, and energy of the ion; the»angTe ofancidence, d;

: No comparable data have, in the meant1me,

—and departure:—e;QWTth—resﬁeet—to—the—surﬁaeefhormal%~and_ihE—kind

- and state of the metal surface. Itfis‘weTT known that metal surfaces.

,accomodate71ayers of .residual gases from the vacuum atmosphere,‘andi

also accomodate incident beam particles.

a) Kinetic Energy

F1gure 6 shows an approx1mate]y scaled schématic of the neu-

'traT beam exper1ment It shows that, in general, for the neutraT
beam part1c]es, coTTected at target, T the angles of incidence on
‘the meta] surface ‘are Targe, i.e e. between 90° and approx1mate]y 45°
The same is true for the angle of»departure. However, as will be |
rhargued the predominant contr1but1on probabTy arises from graz1ng

. angle collisions, i.e. o =6 = 90°,

The problem is disected best along the two categorfes of "re

5f1ection"‘and "scattering". NeutraTizafion may occur in both models,

‘ and the actual atom beam generation on the metal surface may involve

a
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14¢* ion beam by grazing collision

Figure 6. Neutralization of the

with-é metal surface.
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a cha1n of - 1nteract1ons, in part1cu1ar, scattering of the neutra]
part1c1e at another metal atom It is fairly. we]] estab11shed that
the s catter1ng propert1es can be described as occurr1ng between the

incident ion and an 1so]ated metal atom if the incident ion energy

is 1arge compared to the meta] atom. b1nd1ng energy (= ]O 20 eV) if'v

neutra]1zat1on occurs v1a,th1s “scatter1ng mode1" 1t is connected '

- with a small angle of deflection andtpractica11y no;kinetiC‘energy _

]oss, This 1is generally observed in scattering of ions in Tow prese’ '

sure gas'targets ‘The possibility of subsequent co]]1s1ons with
other metal atoms should be small for "graz1hg co111s1ons (a = 90°)

and shOu]dﬁﬁncrease'as this angle decreases: 'However, the probabif-'

ity for_scattering‘into an'aane,permitting\the atom to reach the

‘target should decrease when o decreases FUrthermore,ethe probabi- -
11ty that the ion or atom gets “stuck" on the surface 1ncreases as .
the co]%1s1on departs from ' gra21ng_. Therefore, in th1s mode1,
neutralfzation should proceed predominant]y-wfth,"graéing“ angle
of.co11ision, | | |

Neutralization can occur under "reflection condition";vi;g.

~when a = 6, only if the projection of surface irregularities (height

d) in the direction of inCidence is -smaller than the Wave]ehgth; ands )

if the contact time is small compared to vibrational periods (10~ ]3

sec). The latter is fulfilled considering the time of approximate]y

107 ]5 sec for tne ion to traverse a lattice atom separat1on ‘The

f1rst cond1t1on requires an angle of 1nc1dence w1th1n 10 -6 rad of 90°.‘

1m

5cm; A =107

(Th1s is calculated from d - cos & < A, with d = 10

cm, the deBroglie wavelength of C at ca. 1 KeV kinetic energy).

N

LG
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Ehefgy,changes.under these conditions seem to be due oﬁ]y to electronic-
transitions. 'Ihportant arevtﬁe differences béﬁween the recombination
energy of the ion and the work fuhction.of the metal surface,_about
5 eV; in addition, Auger-effects can produce §econdary.e]ectrons with

‘kinetic energies up to maximal 15-20 ev. 44

*The'tOtal_rate of pro-
,duction of these secondary electrons is 10-15%, with a meén_enérgy of
~ca. 8 eV.' Thu§, one cay say, whatevér the mechanism of neutra]ization,'
the loss of kinetic energy is small compared to thé beam energy (0.5

to 5 KeV), and the beam divergence is small.

b) The State of the Carbon Atoms

Even less is known to deal wifh this problem. »To‘judge from

o recombinatién processes, one has torexpect the occurence of thé three.
' (known)‘metastab1e states of C (3P, ]D,14S). _Their abundancé cannot .
' be ascertaihed; ‘Other excited states, if produced,'shou1d have de-

cayed because of the 1ong.flight fime of ca. 10'7 sec between the

grid and the benzene target.
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5t Mean Energy and Energy Spread of the ¢*-Ton Beam
The " k1net1c energy of an Lon h1tt1ng the target at potent1a1 D ,
is determ1ned by 1) the acce]erat1ng f1e1d, ii) the 1n1t1a] k1net1cv
‘energy of an ion leaving the plasma, i) the p]asma bu1k potent1a1
from wh1ch the - 1ons are extracted ‘with time- dependent and 1oca1
"(t1me-1ndependent) var1at1ons, and 1v) the potential of the target
The experimental procedure to determ1ne the kinetic energy and ‘
denergy spread is dep1cted in F1gure 7. A1l exper1ments were per-
formed on ]ZC -beams generated under identical cond1t1ons as ]4C
' If the energy of each ion were exact]y equal to the acce]era-

' .-t1on voltage, the current to the cage C (as mon1tored By the - y VTVM)

should drop sharp]y to zero_as soon as—thefpotenttaT—of~the—ca3e
rE1at1ve*to’the'source.potentia1,,a quantity whtch_tod]d.beevarted
e between'—45vandv+45 volts, passes from mtnus'to;p1u§'(see.Fjgure 8).
The differentiation of a rea1lcurve, however (see»Figure 8) had a |
certain width ("energy spread") and a peak ("minimum energy") at

a voltage different from O.: The orifice B was necessary to obtain
_we]]-defihed-fa]]-off'curves. B acts both as a focussing device
for the jon beam and a sink for the secondary e]ectrons’proddced-_'
ma1n1y by positive ions returned from cage C and.acce1erated into
plate A. Without B the current ‘at y was indeed "negative" at cer-‘:

tain cage potentials (see Figure 9).

a) Energy Spread and Resolution

The required resolution, i.e. less than 1 in 4000 eV, for S

such an_energy spectrometer, is extreme even by today's Standards,
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Figure 7; ion beam energy spectrometer (see Figure 8 for sizes of
A, B, C). | |

VTVM: Keithley Hodel 220

AConwer for VIVM, etc., through 10 KV isd1étion'transformer

0A3: This tube protects the metering equipment from over-vo1ta§es_
(100 V) which are caused by discharges between the target box
and the grounded plate A.} Thesé dischargés‘are triggéred by
secondaryve]ectronsbformed at p1ate'A and/or B when ions of'the

divergent Iow—energy beam escape from cage C and are accelerated
backwards intc plate B or A.
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Figure ‘8. _.Fa]T—uoff curve, mean energy, and_energy distﬁbution
“of 4000 eV '#c*-son beam. |
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Figure 9. Apparenﬁ fall-off curves for a 4000 eV ]2C+-ion beam

for various B-plate potentials (compare Figure 8).
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It cannot9be predicted for a particular set-up. In order to opti-
mize“it, this‘energy.spectrometer was constructed according to

measuremehts.and'ca]culations by'J._A.'S_impson.45

'The,resoTution

3 was cheCked by Varyingvthe acceTeratton vQﬂtage between 2000 and.

. 6000 volts. If poor reso1ution COhtributed, the.aoparent energy

- spread should increase linearly. Homever,’no:]arge'changes were
observed. Yet, in view of the'mahy,factorS'(degree of beam diver-
gence, beam para]]akfs,[potehtial'of.p1ate B (see Figure 9), secon-€7
dary electron currents)-whith‘haVe been observed.to effect the |

shape of the fa]] off curve one cannot speak of a r1gorous check

‘ of reso]ut1on. Neverthe]ess, it 1s be11eved that the measured

: ehergyespread—represents_rather_we11 the_true_initial energy Vatiaf_‘
tion in the beam ’This energy spread is possib]y-caused'by (t ime- -
.fndeoendent) var1at1ons of the buTk p]asma potential over the area
from‘mhich the 1ons originate, and, more 11ke1y (see Chaoter II, 3)
‘ by'the'initial kihetic'energy of the Cf—ions. Time-independent
potentia] f]Uctuations'have been elfminated-as descrjbed in Chaoter
II;‘Z,»or cah be avoided'(rf—oscjﬁiations)_by monitoring the arc _.
,chamber,wall ootentialr(See Chapter II, 2). A cohtributioh to the
_energyvspread from thermal motions is believed to be neg1ig{b]e |
_(compared to 2 eV) since thejion—temperature ih‘the plasma, as
opposed to the'e1ectron temperature; is rather low (1000ﬁK‘or less) ,.
contr1but1ng variations of at most 0. 1 ev.

The energy spread of ca. 2 eV compares well w1th that of 2-5 eV

46

'-quoted by M. v. Ardenne without reference to an. exper1menta] pro-i

'cedure, and that expected from Chapter II, 3. It 1s_much 1arger



| - -48a- ’

than has been usually ass}umed.m’]5 It is.s]fghtly depéndent'on
_afc conditiohs. However, as in the case of the rf-oscillations, no
clear-cut dependence of just one parametek could be extablished.
The energy spread, howevér, 1ncreased sharply (sometihes,fo 10-12
eV) when the arc was notvoperating.“nOrma11y" (see Chapter II, 2e),
.i;g, wheh exténsive deposits had formed on anode and arc chamber
walls. -

The re1ative]y ]argé enérgy.spread'rq1es this ion source out.
_for'wbrk below 3 eV energy (see Chapter II, 5b). If, indeed, one
. Should attempt greater energy accuracy with this accelerator, a
1arge'number bf probe]ms would arise simultaneously on a Much

higher Tevel of experimental difficulty (compare with Chapter:II,

5c, below).

" b) Medium Ehergy of the Beam

Origihally, the acce]ératihg'fie]d was defined by the poten-
tial of the arc chamber wall (equal to the output of the high voltage

(L

"bower sUppiy) with respect to the apparatus ground (tank).
tdrned ouf, however, that ther these conditions the medium_énergy
(compére Figure 8) was shifted tbzca. +45 and:variéd over a range
of +10 eV dependent on arc conditions. This finding, coupled with
the impossibi]ity to étandardiZe and reproduce arc conditions, and -
thus medium beam energies, led to attemptsrtd stabilize the energy.
However, it was discovergd 1aterLthat if the ion energy was deffned

with respect to the arc anode (rather than wall) the "shift" was = -

-only small and variations were within the apparent energy sbread.'
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For this reason, the arc anode was connected to the high-voltage
powervsupp1y; leaving the pofential'between are chamber and'ex-
traction electrode dependent'en_arc conditions. - The results of

- Figure 8 were obtained under these conditions. Like tne‘energyf
spread, the medium energy var1ed appreciably, i.e. up to + 10 ev,
only when depos1ts in the arc chamber prevented a ”norma]” opera- :
tion. Otherw1se variations were in the order of 1 2 eV.

The 1nterpretat1on of this result is that the potent1a1 of
that part of the plasma from which ions are drawn, presumably
direct]y'in front of the extraction hole, is 1 to 2 volts below tne
anodekpotential, a difference varying on1y's1fght1y over a large |
range'Ofiaré'conditions.,.It'seems hardly at all’infTuenced by the
fi]ament and wa]T potentia1' which is rather surpr1s1ng in view of
the extraction mechanism (compare Figure 2a)

- That. the plasma potential determ1nes the energy. sh1ft was also

demonstrated when the 126+

C -beam was energy modu]ated by 100 Hz ac
(inductfvé]y coupled into the_acce]eration vo]tage via a 1:1, 10 KV
isolation transformen) and the beam 1ntensityeat the discriminator
slit (2 mf]) displayed on an osci]]bscope (intensity vertically,
modulation horizontally). The resulting symmetrical curve (see
Figure 10) with an equiva]ent width of ca. 8 eV is not an energy
distribution, but the_scan of the image of the ion source at this
.1ocatibn. However, before changing to dc heated filaments in tne
ion source, and'befare decreasing the ripple‘of most of the pewer
supp]ies‘for the anc;na'wide (=60 eV) and complicated curve was

observed - even without "external® modulation. This curve was ,
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Figure 10. Scan of the ion source image at the discriminator slit
(width 0,01 cm = 6 eV) transmitted by a 5000 eV 12C+-ion beam.

Abscissa: 1 cm = 12 V. Modulation frequency: ca. 30 Hz. Time be-
tween the two pictures: 30 sec. The shift of the maximum indicates
an energy shift by ca. 8 eV within 30 sec due to changing arc conditions

when ion energy is referenced to the arc chamber wall.
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for the most part, indeed, a disp]ay of energy: oscillations (¢a.
120 Hz) caused by:simi]ar'potentia] oéci]]ations in the extraction

region of the plasma,

c) Stabilization of the Mean Energyr- |
iBefore realizing (and contenting ourse]veé with) the im-

proved energy stabilization by réfefencing a]i beam potentia]s_to

- the érc anode (see the preceding chépter), attempts wére-made to

. stabilize the mean beam (kinetic) energy. _One'methbd which suggests
'2i§se1f immediately is to use the mégnetic fie]d as an ehérgy discri-
';mihator (as well as a mass discriminator) according'to the_formh1aﬁ
A AR
—_— = 2 . =

E R

if mass and magnetic field strength are constant,:and if

m
"

energy, and °

=
1]

radius of curvature of the 90° magnetic sector.

field (= 15 cm).

At a desired resolution of AE = 1 eV (in E = 5000 eV)'thé disérimi-.

nator slit would have to be less than 1.5 x ]0'2

mm wide (=0.6 mil).
Including the imagingvproperties-of the extracting and accelerating
field, the two imaging'devices, focus lens, and magnetic field,

| pkoduce an image of the extractfon hole (0.61mm g) at the diScrﬁmi-f:

nator slit with an approximate width of 0.4 mm (compare Figure 10).
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The source or defining slit width would have to be decreased to :

less than 0.04 mm, decreasing simo]taneously the 14ct

C"-beam 1ntens1ty -
beyohd feasibility (besides'the technical difficulties in drilling |
1 mil ¢ holes). | | ' |

| A method was therefore 1nvest1gated wh1ch shou]d y1e1d the
'des1red energy stab111ty at fu]] 1ntens1ty (see F1gure 11) " Focus
1ens and magnet produce an 1mage of the 1on source in the p]ane of
the d1scr1m1nator slit. The d1scr1m1nator s]1t 1ntercepts on]y a “I
éma11 part (5%:or 1ess) on either s1de of the beam -~ The d1fference-;

_between the currents to each s]1t s1de, as measured by the vo]tage

drops across the 0. 1 Ma res1stors, accurate]y and sens1t1ve1y in=-

“dicates the pos1t1on and thus tne‘eﬁergyfoffthe—whote—beam*WTth
respect to'theudiScriminator s11tl' Suffftient1yvamp1tfied, it
drives the aeceleration voltage power supply output in soch’a way
that.initial energy f1uctuation$h0ccurring in the aro sOdrCe are'h
sufficiently compensated.- |

~Assuming a beam intensity profiie at the discriminator slit of
trianouTar shape, with its base equal'to the image width, a- Toop
".gain ot ca. 200,000 was calculated to be necessary to reduce
f]uctuattons of ca. 25 V.(the apparent energy f]uctuations) to 0.1
.eV. The operational amplifier was a Analog DeviceS‘iBO.' The h1gh 1
voltage. power supply affordedva gaih of 20;

itvié obvious\that in this system the energy of'the ioh'beam
is defined by the trajectory of.the jons, ihc]uding beamhihtens1ty,
_profile, and the magnetic field. Its stability was monitored by a

proton magnetic resonance probe, whose resonance frequency was



-53-

BAFFLE = - DISCRIMINATOR
GROUNDED ©SLIT

— ll vl 14c+ peam |
MAGNET | S TO TARGET

TON | BEAM
SOURCE [ I —>
T% .
100K -
o = !
. 'f ANALOG DEVICES
| 180
500-6000 V
" DC POWER <
SUPPLY -

JOHN FLUKE MODEL 408-A/U

. XBL 695-4251

| Figure 11. Schematic for stabilization of mean ion energy.
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. .tmea5ured'occasiona]]yf(stabi]ity better than 1 in'105). The stabi-
‘]ity of the'magnetic'fie]d was better than 1 in 3000 gauss penvheur;
er;(in'tefms of energy, ca. 3 eV in 5000 eV per hour. With some'n
_care ‘this figure can be,dGCreaséd‘FO 1ess-than-1ueV{‘ The energy of
'thé_ions at the target, afteridecé]eratidn;'hoWever, is determined
by the djfference between the beam energy and‘the target;patential.

| The beam energy is given by'fhe proton nesonanée frequency (in a
_v.mechan1ea11y stab]e system), and the target potent1a1 1s de11vered |
-"by a Fluke 408 A/U 500- 6000 V dc power supp]y w1th a stab1]1ty of '
,better than 0.4 1n‘5000 V. The total energy error should amount to

. ca. 21eV,and.cou1d‘be decneased if necessary.

When—tested;—the—energy-regulation was—stable for fluctuations.

over a range'of 40450 V with a rest deviation of 1essh;han_0.2 V.

However;'the'geometriC‘stability of the trajectory was'sbvaOr'that

thevenergy’requ1ator introduced'larger enérgy"fluctuations than

were brigina11¥4present."Variatidns of the fdcus'vo]tage, fori'
instance,.or repulsion‘due to_temporary build-up of e]eetrfc
qhanges somewhere near ihe‘beam, could cause frajectory instabi-
'vlﬁties.v-qut‘of these possibilities had'been_reduced.on eliminated.
- The mainvcause, howeven, for tnajectory fluctuations were apparéht]y:v _
shifting pbsitions of the first image (near the extraction hole) of
the ion source. Th1s image depends strongly on the shape of the
plasma. sheath near the extract1on hole. Because of the short focalnf
Tength of this lens, any sma]] change is very much amp11fied by thel
"subsequent longefoca1—1ength lenses (first focus lens and the mage'eﬁ

netic field). For instance, moving the hot-filament cathode of
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the arc by b.5jmm along the arc ax{s (a change which_wasﬂfound
later to‘hévé no diéternible effect upon the ion energy), was

 trans1ated by the energy.regu]étor'into an energy shift of ca. 10

-~ eV. Other'arc pérametérs (pressure,'curreht, arc'voltage;’wa11

vo]tage)vcaused.sfmilarjy drastic effects. This system was'there-_.

fore abandoned. | |
In thé first described arrangement; the ion enekgy»is‘defined

- with an accuréqy of ij] eV‘at ca. 2 eV energy‘;pread.' This seemed .

satisfactbry for first; exp]oratory experiments in ]ow-eﬁekgy; hoti'

atom chemiétry of carbon.
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6. ~The Ton-Optics

The objeciive of the accelerator, to deliver a beam of ]4C+-iohs
at the takget*(bf ca. 1 cm diahétef ca. 2.50 m fkom the source)

'whose f]ux density and energy can be var1ed, 1s ach1eved by an

o appropr1ate system-of ion- opt1ca1 dev1ces, def1ectors, and the mag—

ngtjc'sgctor fleld‘(see F1gure la). The p]ane of all 1on.traJect—_'
-vdFies is horizontéi There are six 1mag1ng dev1ces 1ncorporated

into’ the acce]erator extractwng and acce]erat1ng field, f1rst focusf'
, ]ens, 90°-magnet1c sector f1e]d f1rst and second cy11nder 1enses,_'

and deceleration lers system.

| a) Extract1nn and E]ec tatic Focus Lensés

| A]) Extraction. Because of the small penetrat1on of f1e]dsi
through fine holes 1ﬁ"meua1 surfaces, a very sma]]”fract1qn of the
é?ﬁe]erating field (between arc chamber and ektfattioh'eiecfrodé).
appears as an ext?aCting field at the plasma boundary in the ex- |
_tractioﬁ hb]e} The.geometry of this boundary determineé the init1a1’
‘beam propéft1€s.47 At bptimum acceleration voltages (4-5'KV); a
-conéave plasma sheath produces an initially convergihg ion beam

with a focal pofnt somewhere between the pin ho]evahd the'extraction‘
e]eétrode.- ‘ _ | |

The dépendence of theAtota] 1onvbeam‘emerging from the extractipn__

e]ectrode on the.acce1eration voltage is depﬁcted‘in:Figure ]2._ “
, Varioué shapes for thé”eXtractiOn.e]ectrbde‘dﬁd not proddct marked
) differences;'néither wés the gap bétweeh arc chamber wall and.exf'
traction-electrode criticaj. A gapvof‘ca.lZ mm, however, provedf.

not too small for high voltage breakdown and gave good long-time -
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Figure 12.. Total usable ion beam versus ion energy. Parameter:

extraction voitage.



-58-.

»performance,:particu]ér]y with respéct to build-up of material on
its arc side surface (see Chapter I1, 2e).

In connect1on w1th the experimentation towards dece]erat1on of
'the ion beam from 1n1t1a11y 4-5 KeV energy to less- than 10 eV the
feas1b111ty‘of decreas1ng the 1n1t1a1 energy was 1nvest1gated. How—
éver;léubstaﬁfial loss in intensity occurred at extraction voltages
(ahd ehergiés) below 2“KV, This situation was imprGVed“byibiasfng:"
.the EXtractibn e]éctrode,(See Figufe 12)_negative1y,vthu§ maihfainiﬁg
the extracting fie]d at an optimum, with déCe]ekation of the beam -
between extracting electrode and fik§t~f0cus lens td:aq}energy |

about equal to the potential of’the‘aFC'thambeY: Béams of as ‘low

a$‘500*ev enéfgy wé?é;dbtafned—wftH—YeTat$vé1y*gbpd—%ntéh§+tyff9eé -
Figufeilz), However, thevoptical1properties of a low-energy beam

'géhérated in shch a way were very poor and it turned out.fo be more
feasible to dece]eraté a'high_energy beam (with good optical properev
7tiés)lby a 1arge'rétio than a poor. quality, Tow energy beam byva h
' proportfona%ély sma]]e} ratio. With a more appropriate lens sysfem,
; low energy beams‘with'acCeptable optical properties should be avail--

'fable-frgm this source.*8

2) First focus lens. The first focus lens (two concentrit_‘
cylinders of 1/16"~DUYa1, inner cy]fnder g = 3.5, length = 4 cm; ‘
outer, ¢ =:7 5,. 1ength 10 cm) perm1ts focus1ng over a range from -
ca. 10 cm to 1nf1n1ty by varying the potent1a1 of the 1nner cy11nder.' 
between ca. +0.8 and +0.95 of the acce]erat1on voltage. The outer Ai

cylinder is grounded. A separate 2-10 KV dc power supply with 0,21V;
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‘p.t.p. ripple at 5 KV, 100 M @ load, and better:than 2 in 104

stabi--
Tity (ca. 5 mA maximum current), supplies the necessary voltage.

A1l surfaces of the lens are coated with "Aquadag".

3) The electrostatic cy11nder 1enses The first focus lens

_and the magnet are able to "“image" the source (laterally and verti-
‘cally with different magn1ffpation) only at one parficﬁ]ar pbsﬁtioh.
For reasons of-greater-optieal f]exibi]ity, and because of;the need
foh a beem of almost circular profi1e at the ehtrancebto the decele-
rating lens system (see Chapter‘II,b6b),'anieiecthostatic ”cy]inder“v
lens was built (Figure 13) which permitted 1maging at right éng]es
to that of the‘magnetic field. This sysfem of three lenses'sufficee;
theoret1ca11y, to produce an almost circular 1mage of the source
ho]e anywhere down-stream of the last 1ens In pract1ce, however, v
a second "cylinder" 1ens, at right angles to the firét, proved ex- _"
tremely helpful in obtaining'a_high transmfssion“for the.decélerathr
lens. Theeexblanatfon for this is as'foiTows: In ekdeh to obtain
good trahsmissien up to the decelerator, the first focus léns has to
produce an image of the source at a place (probably hear the position
of fhe first cylinder lens) which is not optimal for maximum trans-
mission throuqh the decelerator. The second cy11nder lens perm1ts
a greater f]ex1b1]1ty for this opt1m1zat1on |

Both cylinder ]enses are essentially 1dent1ca1 (see F1gure 13):
The two parallel inner electrodes carry the (usually) pos1t1ve high
vo]tage all outer electrodes are at ground potent1a1 The .two |

inner electrodes of each cv]1nder 1ens can be g1ven svmmetr1ca1
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BEAM
CXBL 695-4255
Figure 13. Electrostatic cylinder lens. The‘four‘outer,é]éctrodééf'_ o

are at ground potentia], the inner at ca. 25% of the acce]eratidn"

_potential.
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bipolar bfases, thus providing a conyenient four-wayvdef1ection
vstem | |
F1gure 14 shows the beam 1ntens1ty profile of a 4000 eV ]2C+-
ion beam at the target. Th1s,prof1]e-was obtained by scann1ng.the
beam with a 2 mm wide, 5 cm 1ong rod- -target both "horizontally" and

”vert1ca11y”

b) The Dece1erator

0r1g1na11y, it was planned to. decelerate the ions in a
(supposedly) homogeneous electric f1e1d between a grounded tank
~ exit plate and the target -box entrance plate (see Figure 1a)vwhose'
entrance oLifiCe_was couered witn-a wire grid (2 mi]Ftungsten’wire,

1 .
10 mil oar%11e1vspacing);]5

vThis arrangementywas used for. the
firstd]ow energy exper’im'c:_\nts.]4 However, in éucn an arrangement,
the ion trajectories have to be ideajly para]}e],'and perpendicular
Zto the p1ane of the wire grid.' For a deviatton from perpendicu- :
larity of only 0.5°, the deflection after.dece]eratiOn from 5000 eV
to 50_eV‘wiij be 45°, increasing raptd]y as "the fina] energy 15_
Towered further. | |
Similar arrangements have been used when intensity losses

-could bevtolerated.49’50 | |

_ Ion-optically more feasible systems'were suggested and investi-
gated by Wi1lmore,5] and Gustafson and Lindho]m.52 Their contentioni'
was that deceleration to less than 0.03 of the initial energy,was.
not practicabTe. Meanwhile, multi-elemént ion lenses have been ueedtv

for deceleration for a varietyfof purposes. Menz1nqer, e.g. ach1eved
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Figure 14. Beam profile at target (4000 eV, 1%c*). upper: hori- =

‘zontal scan; lower: vertical scan.
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deceTer'ation'ofT+ and Té+-ions for hot-atom chemical experiments,
from 200 eV initial energy to ca. 2 eV (deceleration factor 0.01),
with only 50% intensity 1dsstVer a target of ca. 1.5 cm diameter.

Common to all ion-optical decelerators is the_firét-sharply
(then slowly) increasing potential on a stack of orificgs, sometimes - -
'of'equal,? sqmetfmes of varying sizes and distances.sz. 2

A three;e]emght lens, i.e. grounded entrance plate, a second
p1até with variable positive potential, and a third plate at the
entrance fo the targétvbox Kthe_Tast being at the required fina]_;
potentiai)_proved fo be effective for deceleration from 5000 eV to
ca. 200 eV“wifh Tittle intensity;1oss ovef a‘1 cm ¢‘targét;7
 For debe]ération to as Tow as 3 eV, i;g, for aidéceleration
-ratio of less than 0:001, a 10-element lens was'bUiTt“(Seé Figure 15).
Its performéncé is indiéated ﬁn‘Figure ]6. The béam {ntenSity was .
measured as current at the site of the acfua] benzene target, ﬁasked '
by a 1.5 ch'¢'or1fice plate electrically cdhnécted with theitargef
box. | | o ‘ | )

. The potentials at the 10 decé]eratdr:platés were 3.2, 3.3, 3.4,
3.55, 3.65, 3.65, 3.4, 3.99 for dece}eratibn from 4000 eV to below
10 eV. The transmissioniWés not very.critica11y dependent on these:f 
values. The target'bdx and the farget carry the same poténtial as
the 1ast orifice. Each of'theItWo'discs before the last éfe split
diametriéa]]y_into:two haivés; the two cuts‘béing perpendicd]ar to
each other, Each béir can .be biased by a symmétkicé],'bipo1ar¢dc

- voltage F]Qating_on'the high-voltage (as above). This;affords .
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Figure 15. 10-Element decelerator lens, entrance plate on left.
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another set of four-way deflectors fbr_correctioh of the low-energy

beam approximately 5 cm off the target.

c)>A1ignmeht

The most critical a1ighment Eéquirement;is that'fbr the ex-
traction electrode with }eépect to the‘extractiOn'pinhdle. The
fkeqdent disaésemb1y of the ion source (for cieahing purposes) made
it necessary to abbreviate the'é]ignment prbéédures ahd to correct,
with four-Qay deflectors, 6ccasf6na1 deviations'ofvfhe béam.from the
~ optical axis. These deflectors were nécessary, in additiﬁn, since
éver the time of operatjon the beam tended to changé'QOSifion.and
diréct{oh, apparently due to charge build-up on-depoSits.

- Besides the*tw0'foUr—way deflectors hentioned brevious]y-(inside

- the two cylinder lensés;_and inside the decelerator) there is*ohe
immediéte]y fo]]owing the first focus Tens. Again, the voltage
_acfoss.corresponding pairs of-e]ectrodes is bipoiér and symmetrical
‘with réspect'to ground, in order to”avoid,asymmetric focussing - |
effects on the beam. The foUr-way‘deflectqr inbthe decelerator is
also extremely advantageous'fOr_gdod-ibn transmission to the targef.
The keasonjis thé same as for the extraction hole/extraction electrode
system; namely the short focal 1ength'of_the immersion ion lens at
these 1ocafions.' A s]ighf displacement of the beam from the 6pt1--
cal axis on the.objeﬁt.side i; magniffed'many timesfon;the image

scale.

"d) The 90°-Magnet

The '90°-magnetic sector field acts as "cylinder lens (with a

15

fixed focal length of 17 cm, ~a little more than the radius'of



| | -66-
cUrvéture due to fringe fie]ds, fhé focal bointé being 2 cm off the.
kespectfve*po]e face§), besﬁdeé furnishing the dispérsing ejémenf
- (ionléeparation'accdrding tdfmoméntum); Figure 17'show$ the tofre-_
| 1étion between egcifing.current'and}magnetic flux (measured.with a
‘HalI;probé, "Bell 220", Incremental Gaussmeter). Because of the
'Apbareﬁt.hystekegis, the'Corkéét_fdn;beam_cén:bé sélécted.bhjy;
fough1§ accérding to thé'excitihglcﬁfrentf 'Fine4sé1e¢tidhrhasfto
‘be made acéording to the sequence of predominanf beams measured at
“fhéffaréet or'at'a.Shall'Faraday cagé-whfch can be_moved.io inter-
cépt tﬁe béam before it ehters the“decelerétbr‘(séé.Figu;e la).

~ The current is Suppiied by a 0s300 mA‘dc pdrrehf_pQwék sqppiy

(E19Ctrnnir MeasuremenIéﬂ_ModéJ;£633)_Mdih;a;cuhhéni;ﬁiabijify of -

1 mA in 300 mA.
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Figure 17. Magnetic flux versus excitation current. Hysteresis

for one-half cycle.
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7_: The Vacoum
“a) Punps
The vacuum 1s ma1nta1ned by a MCF 300 diffusion pump in-the
source part of the acce]erator, and a MCF 700 d1ffus1on pump in the'
-arc channe] of the.magnet Both diffusion pumps are charged with |
~silicon 011 704, and have a maximum pump speed of 1000 1 at 10 5

-6

Hg (500 1 at 107" mm Hg) The forepressure is generated by two

: KC 5 rotary pumps. operat1ng on a man1fo1d

A separate-KC—S JS used as roughing pump since thé:whoie_system

had to be .opened to 1~atm'very frequently during the_déve]opmehta1

work at the acce1erator

A]l pump exhausts are d1scharged through KOH traps (to trap

']4C0 ) 1nto the genera] vent11at1on system

b) L-N -Traps

Each diffusion pump is baffled by a. 11qu1d n1trogen trap

-wh1ch is f111ed automat1ca11y approx1mate1v every, hour ’Both traps -

" use approximately 80 1 L-N2 per day.

- For reasons ekplainedvin "The U-2 problem" (Chapter II, q),

“another doughnut shéped L-N, trap Was'inserted in front of the dece- .

- leration lens.

'c) Gauges

One ionization'Vacuum gauge‘is located above the MCF 700

o diffusion pomp. It monitors the "main vacuum". Another~sim11ar

gauge is located in the target box. It monitors the "target. vacuum".

~ Typical pressures are: main, 3 x 1077

mm Hg; target, 4 x 1070 mm- Hg..

®
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The mean free path at such a préssdre is in the order of 100 m,
affording a chancé of better than 95% for an ion to reach the tar-

get withoutvco1lision with a residual gas molecule. .

d) Materials
A1l seals are made with.Neoprene O-rings greased with

silicon high vacﬁum-greasé} Parts of the acce1era£dr'tank are
madé of Dural, stainless stee]Q bra;s, and glass. Electrical feed-
throughs are of g1ass, The insu1afing’disc separating the arc
chdmber fromrthe acce1erator tank wasvoriginally made. of bak¢1ite.
However, this'hateria1 caused seapage of gik at a rate of cd;
2 X 10f8 moles/sec. The vacuum improved by a faétor of ten after
repiacing this flange by one hade of»1ayer$‘qf fibergiass which
“were glued together by epoxy, the whoTe flange having also been
coated with-epoxy, and then machined tovspeciffcations.‘ _

- The apparent leak rate (inc1ud1ng.oufgassing) for the whole

9

accelerator is ca. 2 x 10™° moles/sec (ca. 500 T/sec).
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3 8.5,TherTarget

a) Geometry and ACCesscries?

The'target'upon'which-the organic sample (benzene)xis con-
.~,densed-during its bombardment with ]4C+-1ons is a regular cube of
_:stafnless steel, with 7 cm side Tength. The heam strikes one of
”the four Vertical faces:perpendicularly, approximately'in the centerv'

of the square 1 The. center we]] can be cooled with 11au1d refri=
: l

gerants It is e1ectr1ca]]y insulated from:the target box, per-
| m1tting the measurement of the beam current to the target Th1s

current 1s measured by a battery powered VTVM (Ke1th]ey ZOOB) with

‘an 1nput 1mpedance of 100 K 1% All mon1tor1ng and target acces-

sor1es can be f]oated at up to 10KV pos1t1ve pOtent1a| _

| The target can be b1ased with respect to the target box by uo_.
-~ to 300 V dc Th1s perm1ts the determ1nat1on of secondary e1ectron

contr1but1ons to the apparent beam current , | '

As descr1bed in more detail in- “Charge Bu11d -up" in thfs
chapter, the beam current cannot be measured in the above manner
.if the-ion'energy is Tower than 1 KeV. In this case; and as a
genera] a]ternat1ve method the beam current is monitored by the
e]ectron current (em1tted from the hot f11ament in front of the
target) necessary to (e]ectr1ca11y) neutra11ze the target Th1s
electron current equals the positive ion beam exactly. |

‘ The beam current can be integrated over the irradiatdonvtime
(3 hr) by an’electric integrator'which drives a 0-10 mV.recorder

- with a fu]175ca1e switch.' This switch resets the integrator within:\
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ca. 0.5 sec. The full-scale rise time at 1 pA is approximately 20
sec. The e]eetronic integrator is a vibrating‘reedve1ectnometer
as operational amplifier, with 1000 M Qvinput.impedance and 2 uF
feedback capacitor. | . |

The target-is, at all instances of the irradiation,_atvthe same
potential (w{thin 0.2 V) as the target box. The:potentfelvof this
box with respect to 'the anc anode determines tne'energy of the jons =
(see Chapter II, 5)? :It can be measured:and monitored with the same
battery ponenedeTVMvwith an error bf less thanjs%. |

More important than the potentia] of the metal target is. the
e]ecfric.potentfa] that a carbon ion seesbwhen_it,h%ts the solid
benzene. This potential may be quite different‘fnom that of‘the‘
metal target due to the aecumulation of space charges‘in the'solid.
. benzene (see Chapter III, 8c). This potential, however, cou]d_npt

~ be monitored.

b) Benéene Depositfdn o |
Benzenelis SuppTied frqm a graduated glass tube of 2 ml

volume at roem temperature. Benzene'vapor is admitted'fnem the
tube through a needle valve into a manifo]d_whieh feeds the;innut
nozzles and nhose pressure is mohitoredbby}a thermotdup]e‘vacnum
gauge. R | |

There are four input nozzles of 2.5" length and 1/64“»IJD.
The onifices are at ca. 1 cm distance fron the target surface, at
equal distence‘(ca. 0.5 cm) from eacn other. They'are dinected’

towards one (center) point on,thebtarget, where maximum deposition
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- results. Under these conditions about 80% of the. deposited benzene,

' appeens within a circTeeof ca. 1 cm diameter. | |

. The flowrate of benzene, as determined trom'the meniscus changes
in the gnadueted tube, is ca. 150 p1 per hour- _Ah0ut 70% of the
benzene-1ntroJuced~into_the target box is recovered after irradia-
'tion_in the-"éoiidétransfer" method, and 100% if gas—transferred
1 tnto e"suitabﬁeitrab. Before starting any irradiation, ca. 100 ul
‘benzene werebiepesited to insure a normal growth of the solid and vl
to avoid pOSeible effects of the stain]ess steel Sunface on the hot-
atom'Chemietryvin.benzene. Such an initial layer of benzene is

approximately 10'2 cm thick, several orders of magnitude Targer

tnan the penetratidn*depthtof—TO*YV—Gi%tons
0ccas1ona]1y, part1cu1ar1y if the initial rate of deposition
was ]arger than '200-300. u]/hr the solid. benzene d1d not. attach
suff1c1ent]y well to the metal surface andabegan to flake~off again..
At high'benzene vepor flowrates the soTid tended to grothery-un-
evenly, which a]so 1ed to flaking-off. The 1nradiations-had to be
,dwscont1nued in these cases. It seems as if the rate of benzene

depos1t1on 1nto such a sma]] area cannot be increased by very much

_more than a factor of 2 3.

i
I

c) Charge Build-up in the Target

‘With a conductivity of less than 10° 14 o1 cm—], 154,155
benzene belongs to the class of. e]ectr1c*“1nsu1ators". Continuous

14

1ncorhoration of the positive C ions will, therefore, build up a

~_space charge which, if sufficiently 1arge, will repel other approaching'
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ions; df=wi1] be neutralized when the field strength causes a break-
down of tﬁe fnsu]atdr benzene (die]ectric stréngth, 0.65 x 106 volts-
,c;m']').]56 Electrons are emitted then from the metal surface of the
targef and freg]y move in the breakdown channel until mbst of the
‘positive charges arévneUtra1ized; | | »

" If the benzene 1ayér.is sufffciént]y thin, this heUtra]izafion :
process is very efficient and does not lead to Sériou§ rebu1sion
effects. However, as the jon energy is lowered and the target'layék"
becomes thicker, it is more advantageous to admit electrdns as
above. ;A fi1ament‘of a’GE,:No; 13 flash light bulb serves as
source fdr‘e]ectronsbwhigh are attracted to the benzene.dn]y, ahd"_
“as soon as bOsitive charges.bdi]d up there.‘-The fi]ameht is supplied
from a‘6 V battery with a vériab]e'series resistdr for‘finevadjust_
ment of the emissivity. Thelfilémgnt emissivitx'fs'adjusted.to
somewhat abbve that reduired‘to neUtra1i2e the farget; in order to- "
prevent Unne¢es§ary; positive chargé bUi]d—ub theké, when either
the supply or the'demahdfof e]eﬁtfons f]ucfuates. 'Cléakly, an- incom-
plete target neutra]ization,wi]1 cause additional,‘non—unfform and
varying deceleration of the fons and thus arblurrihg of the actual |
kinefic energy.  On the other hand, a finfte, albeit éma11, positive .
"error" charge at the target,'and.fhus a small retarding field has -
to be bresenf in order to effect thelelectron f]owE' Howjlafge this
error is, is not1known, since the electric potentfal of the benzene
cannot be détermined undef tﬁese circuhstances. In order to get ah
approximate idea of_thé possible error, the bekveance,‘a; for the o

system filament-metal target (distance 1 cm) was determined
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_'accord1ng to the formu]a i= a‘-'v3/2'

foriepace charge Ttnfted

. currents, il ’V‘1s the voltage between target and target box, the

' f1]ament is on the same potent1a] as the target box A doub]e—]og
ap]ot of Tog (1)-versus Tog (V) y1e1ded the correct exponent , 3/2 |
,and for-a, O. S‘pA (vo]ts) 3/2 . From this | one conc]udes that
Athe target has to have a potent1a1 of ca 7 vo]ts to attract al uA
_e]ectron current, and ca. 4 5 volts for a 0.5 uA current In other
'words, the error depends on the beam 1ntens1ty Th1s denonstrates

'a certa1n drawback connected w1th 14

C wh1ch requ1res, for reasons
of detect1on sens1t1v1ty, these re1at1ve1y h1gh beam currents - In
’f the case of T , with less than 1078 A 1ntens1ty,7 th1s method of

neutra11z1ng the non- conduct1ng target 1ntroduces a much sma]]er

'f'error. In actua11ty, however, the error may be sma]ler a]so'1n
._0ur case since the dictance between fi]ament.andAbenzenefsurface
iS?]esS than 1f¢m;' Judgfng from the essentia1 identity between
thehfa11-oft curve othhe current at low energies (see Fioure116)
for 'a bare (meta1) target'andafor the benzene~target neutralgzed
w1th e]ectrons, one concludes that the add1t1ona] retardat1on can
be at most 3-4 eV Neverthe]ess, the f1n1te perveance of th1s Sys- d

'tem 1s the source for the 1argest errors.



_75_
9. The U-2 Problem

]4C+rirradiations of benzene °

One of the major products from
resisting identificatioh Tongest (and labeled "U-2" during work
towards idenﬁification)_was final]& identified as benza]dehyde.

The following sources of the oxygeh‘were considered: a) residﬁa]
gas bxygen in contact with the behzene'suffate; or'oXygen dissolved
fh benzene and co-deposited in fhe so]id target" b) C02'from the
ion source; c) other chem1ca1 forms of oxygen from the ion source;

14+ Wc160* (m/e = 15).

The.felloWing was established about "U-2" (a1l of the.chemical

~and d) contamination ¢ of the "°C -beam by

~ details are described in Tz-Hong Lin's Ph.D. Thesis, Berkeley, 1969):
i) its yield increased by a factor of 3-4 as the ion energy~decreased
from 15 KeV to less than 100 eV (see Figure 26); ii) the yie]d de-
creased by a factor of ca. 4 as the target temperature was increased

from - -195° (L- N2) to -156° (freez1ng isopentane), and: the yields of

: vother»products were unaffected~by this temperature change;v 1ii) the

yield was unaffected when the_residual.gas presSure in the target
was Towered from 107™% to 4 x 107 mm Hg, i.e. when the rate of 0,
molecule incidence on the benzene target was decreased from 1047

3 x ]0' mo]es/sec/cm (assuming 20% O2 in the residual vacuum at-

' mosphere), 1v) thorough]y outgass1ng the benzene before 1ntroduc1ng
it into t?e target box--by transferr1ng it in vacuum three times

and trappjng it at CQz/acetone temperature--did not affect the

~yield of "U=2".
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a)-02-Inc1dence.or:Presence:at.the.Benzene.TarQet '

A]though the 1owest rate of 02 1nc1dence of 3 x ]O -9

14C -1ons at the

:moles/sec/cm2 was still 1arger than the f]ux of
target (10 Q mo]es/sec/cmz), it is un11ke1y, from the foregOJng,
that atmospher1c or’ d1sso]ved 02 1s the source of oxygen in U-2-

(benza]dehyde)

B o SR R

b) Deposition .of. COZaat the Target

14

When CO was introduced into the acce]erator at the rate’ .
o under'trradiat1on conditions (the arc was not on") 1t was - found

_that ca. 4.5% of it was deposited at the:target This is ratherV_’

Gurprls1ng_s1nce.the_COZ_has toepass two_J1qu1d_n1trogen traps_and

’ d1ffuse into the rather long and. often constr1cted target arm. ~ The

amount of ]4C-act1v1ty reach1ng the target as ]4C0 1s about 40
'times'1arger than that introduced by the ]4C beam' |
| To eliminate this interference, 14CO2 was converted to 14co

53

‘before entertng the arc chamber. For th1s purpose a glass tube

(20 x 1.5 cm 1.D. ) f11]ed ‘with Zn dust on. asbestos woo] was 1nserted

"between needle va]ve and arc chamber. Th1s g]ass tube was heated
i 1

externallyv(390-400°) by electric- 'heat1ng tape ( ) f]oat1ng at

the acceleration potential. The rate of depos1t1on of ]4C02 at:

the target was now 10'5, i.e. decreased by about a‘factor of 4000.
However,‘“UQZ" and all othertproducts appeared with'unchanged
14

yields. Therefore, the possible co-deposition of COé in the
: i ' C : .

- target benzene could not account for "U-2".
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) Otner Chem1ca1 Forms of Oxygen from the Ion Source

. The ]arge increase of the yield of U-2 as the ion energy de-
creased suggests that, at a lower rate of debris format1on (at 1ower |
jon energies), more oxidant was available for the_oxidatfdn’to ben--
za]dehyde. The. temperature dependence of the yield'suggeSts that
the oxidant 1s rather vo]ati]e -~ This idea is supported by the cb—
servation of a s1m1lar 4 fold. y1e]d decrease when a 11qu1d n1trogen
‘trap was inserted into the g]ass 1nsu1ator Just ahead of the entrance

14C -beam passed througn a “tube travers1ng

to the target box. The
this trap. In this experiment the target was, howeyer, at‘L-N2 tem-
perature_again. Most of ‘the volatile oxidant had apparent1y been
-trapped by the inserted L-sztrap. | |
If the oxidant was generated in the ion sdurce; iSo]ationIOf the
source part of the acce]eratorvfrom the'rest should decrease its
effect upon the target. The (unseparated) beam was.therefore ad-
mitted into the magnet section through a3 mmg orifice decreas1ng |
(presumed 1sotrop1c) f]ow of gaseous material- from the ion source -
into the target sect1on»by a factor of 30. - However, no change of
the yield of u-2 occnrred One concludes that the ox1dant is e1ther
not generated in the 1on source or, if 1t is, it is carr1ed 1nto
the central and target sect1on of the accelerator v1a a beam. It
shou]d be noted in this context that, of the total ion beam of ca.
25 LA extracted from the‘sourCe, there is 15-18 pA in the form of
¢* (1-2 wA), C0* (15 uA), and €0, (1-2 wA). The remainder could

~be oxides of the filament material.
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Sources for oxidants outside’the,ion source could be silent or

““corona discha%ges ét_points_under high-vo]tagevcarrying parts.

54

According ‘to R._J. Cvetanovic,” " O-atoms could survive several

cd]]isions with the walls. Benzene could bécomeva'temporary accep-

‘tor for such an oxidént (0 or 03).55’56' It may transfer the oxygen

to other hot-atom product molecules in an oxidation reaction, or

it may be invo]ved,dfregt]y 1nvthevreaction with a hqtfatom.

14+ T6g++

ct-Beam by '%

d). Contamination of the C

'BécaUSe of ‘the low resolution mode of-the'iohfseparatok in
7 whﬁch_irradiatidns are usually performed and becdﬁse\of the‘proéé-

144+

dure of identiffcatibnsénd”optimizafion’of the C" -beam at tne

,tafgef (see Chapter II, 6d) it is possible, in theory, that e ]65++-
“cdntfibutes to.thé’beam at the tgrget,-ahd'"UFZLFméy/bevén indica-

- tion for this.: Howeverbthe'f01lowing experiments andbobsérvations
exc]ude this poss1b111ty | | |

1) A more carefu] 1nvest1gat1on of the ion beams obta1ned

]ZCOZ (under similar conditions as ]4C02) shows an m/e = 14

-from
160++ <]2 +)

(12

C ?) 1ntensityvof less than 10% of m/e =

2) Irradiations of benzene with (L (m/e = 30) at ener-

gies between 5000 and 15 eV yie]d'the same product and,yield dis-

14 .+

tribution as 1f the irradiations were done with C of the same

~'energy. Thjs indicates that the fast CO jon disintegrates.in the-

: . o - :
target before the carbon-14 reacts chemically. 14 ]60 should
have a simi}ar fate. The yield of "U-2" was, indeed, unchanged--

which excludes CO'" as'sourCe'fOr:it.
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_ The problem of the source of the oxygenvin_“U-Z".remains basi-
cally unéo]véd.“"u;Zﬂis éxistence, hOWever; is a good.demon§tration
of the.relative."openness" of the actual chemical system, and it
a]so'demonstrates.the cohp]exities that‘such an instrument intro-
'ducesf Probéb]y the beét way of e]iminating this ahd any similar |
prOb]em is to aamit the beam.to the target box through a small
ofificé only, and fo pump‘fhe target section by a separate diffu;
sion;pump} This wou]dzsecﬁre-best poéSib]eiseparation between the

chemical system and the accelerator.
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10. Dummy Irradiations

S ':_H' i

14 14

C

a) Check on Possible» CfProduets Wnich Are Not -Due ‘to Fast

Ions or Atoms

- Somewhat suspicious because of the above-observation, the
following experiment Was-perfbrmed: The. arc source was'chafged

12 14 T2+

However,- only. the :C beam was uSEd fOY‘ an

CO2 and 50/

irradiatioh AN hotaetom and radiation chemical effects:ingthe
]4

14

C-irradiation except that the
beam intensity and "presence" of ' 'C were, ofICOurse,.10weraby a

factor of 2. 'Aftervi hr, ca. 0.25 QC activity had been incorporated

into 1e—benzene.__Ihis 1s_approx1mateiv 10% of "norma]" act1v1ty

,1ncorporat10n - A GLC ana]ySJs_of this irradiation sample showed

two act1v1ty’peaks; one in the’"U-Z"Aregieh, the otherlin the_region
pf biphenyl. However; fhe yie]dsiwere we]] below ]%i 'Thie experi-
ment shows that Some ]4C-actiVity-may be introduced inte the sample

' in_ways‘bther than through the peam, Howevef; this can_be considered
of no consequence for.the present study. The products (see Chapter

11, 3, 4) observed in 140+

14+

-irradiations are indeed products of the

‘fast C -beam ions.

14

b) Check on‘Incorporation of "C- Activ1ty into the Samp]e via

Acc1denta1]y Neutralized Ions

~ Neutralization of ions may occur in collisions with residual
gas molecules or with metal surfaces. While this phenomenon does
not interfere with the quantitative analysis of the sample if the

irradiation is performed withvan undecelerated beam, it may, and

~
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. increasingly so, when the beam is strqn§1y dece]erated. Particu-
larly if neutralization occurs in the dece1eratbr, i.e. re]ative]y
‘close to the target, the neutfa] etom_may eastiy be ab]e,to hit

- the target. As the degree of deceTeratioh increases the‘crdss
section of the beam may'increase_at certain“pTeces andvsome jons
may co]lide with one of the dece]erator e]ementsahd be‘neutfa]ized.'
If these atoms have a much higher energy than the f1na1 desired

- ion energy, they will distort the yield-energy dependence at 1ow
“beam energies. To determine the extent of neutralizatiqn, the 14c-
ion beam Was decelerated t0‘5 evV; however, the ions were pfeyeeted'
from reaching'the target by biasing it by 20 V'(positive) With‘
reépect to the'terget boX ~During one nour the beam was adm1tted ‘,
only occas1ona11y (by removing the target bias and turn1ng the
electron emitter on (see Chapter II, 8c) in order. te assure that
the beam had not sh1fted pos1t1on When the sample was analyzed
after one hour "1rrad1at1on", the tota1 act1v1ty 1ncorporat1on
amounted to ca. 10% of the expected»va]ue. The GLCvanalys1s shoWed

| a typically_"low energy" yield distribution of the'usual pfoducts'“'
(<30 ev). Thts,indicates'that neutralization is‘sizable;.although
| nqt éerious, and that it prodﬁces primari1y low'energy-atoms,iwhich

makes it even less serious an interference.
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IIT.  HOT-ATOM PHYSICS AND CHEMISTRY

In this cﬁépter,a survey is given of the factors which might be
'ke]evant in the fhterpretatfoh of our chemical experimenta] data.
Naturally, véry little specific information is”availab]e for the
system under'investigation,'i;g, fast carbon'iohs in solid benzene.
Therefore, many.qdantifative cOnc]usidns'whfch are~dkaWn from com-
parispn with other systems, orbfrom general theories, are quite

vtentéthe. Thié is‘particular1y serious in the Tow energy range

(1-100 eV), for which the least theoretical and experimental data

have—been—published-=howevers—which-happens-to—bethe most interest-_

ing rangé for the cnemistry which this thesié deals with.
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1. Interact1on of- the Ion Beam with the So]1d Benzene

The following factors have to be cons1dered surface pene-
tration; energy loss, range and scattering; charge ahd electronic
state of the fast carbon, structure of the“so]id'benzene; the‘con-
stitution of the solid around the‘“track“; and chemica1 reaétions..

In most studies of ion beam-solid state interactions, metals
have been used -as targets and noble gas ions as beam particles.
However, the main differences-between a meta1 and a so]id.sucn as
benzene, i.e e. the'absence of'a"tree-electron gas” and the (genera]ly)
Tower mass dens1ty in the latter, seem to be of minor 1mportance
except, perhaps, in the 1n1t1a1 surface 1nteract1on._ Also, if the'
kinetic energy of.the beam particlevexceedsvthe energy for displace-
ment of a lattice atom (25 eV),_ the chemiCal bonds betweenvatoms_
(4-8 eV) are of negligible consequence and ‘the’ mo]ecu]ar so11d (ben-
zene) can be considered to cons1st of a m1xture of free atoms -
(carbon and hydrogen).

For some aspects, such as scattering and range, etc., even the
presence of hydrogen atoms is of-only minor effect because of their

]4C beam part1c1e At 1east, as'far as

_sma]] mass compared to the
processes are concerned wh1ch involve energ1es larger than chemical
(m]OO eV), the d1fferences between different beam part1c1es in the1r
1nteractions-with thertarget atoms'seem to be accountable by dif-
ferences in mass, nuclear charge, and velocity. 'Thevscarcity'of'

~ specific data on C-ion- beams is, therefore; not serious since

genera]izab]e models permit their deduction.»'The_on1y model which
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does consider the specific electron orbitals of a specific atom,
that by Hartree, exhibits, indeed, only a slight dependence of the

interaction potehtia] on the kind of -orbitals.

a)“Surfaée Penetration

-Thg effects cdnnected with the penetration of the soTid sur-

face are best discussed in terms of various sputtering theories.

Three modefs have been suggested: the "hot-spot"',bS’59 the "hot-

20
Spike",57’60’6] and the "collision" mode].-62

44

A critical review of -
these theories was given by Kaminsky.'" The first two models
attempt to  describe the effects of the ion impact on the solid as

the motion of a two- (surface hot-spot),.respectively, one-

dimensiona1 (Tineaf'hbt—spike) statiéticalvsyétem withih which ah

~e1evatédvtémperature can be defined.. Nof considering the:funda—.

mental difficulties in establishing the va]idity.of‘a Boltzménn
statistics forvthese systems, the yield fkdm such theories is

| sma]].'}Moreover, experimental-résults44 dbvnot seem to agree véfy
well with fhéma A Tess round-about theory, the collision theory,

‘ pigtureg‘the'interaction of the fast particle with the solid as a

- string Of'encounters wfth 1soTated'atoms which recoil ahd are -

scatteréd,‘as'secondary'fast partic]es,_at other target atdms-—aé

1ohg as théir energy is larger than ca. 25 eV. At the surface,

this may lead to emission (sputtering)vof target atoms (the binding :

energy is as low as 5 eV), and bossib]y é]sd‘ref1ection of the

origina] peam particle. ATl experimental data avai]ab]e'(ref['44,

p..237) indicate a strong dependence of the reflection coefficient
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on the mass of the target atom. If, as it is tne case here, the
target atom mass is equal (]2C) or less (H) than the beam bartic]e,
_(]4C), tne reflection coeff1c1ent for near normal 1nc1dence shou]d:

be-5% or less. The rema1nder is scattered 1nto the solid.

| b) Energy Loss and Range
Energy loss and range of nedtra] atoms in selids has been

reviewed by Nichols and van Lint®3 in 1966. As will be discussed
below, among the first processes to occur uponvpenetration fnto'
tne solid is neutnalization“of the ion. The subseqnent energy
- losses can be derived, therefore;.from tne dynamics of neutralm
neutral interactions. Since essentia11y all shell electrons of an‘t
atom contribute to the kenu]siVe:interatomie potentia1 1n a binary
h1gn -energy co]1151on, the statistical atom mode]s (Tnomas Ferm1
and Thomas-Ferm1-D1rac) “the se]f-cons1stent field model (Hartree-
Fbck), and Other; empirical models are mostvprothably employed in
obtaining the 1nteractien energies in mathematical'tractable forms.

In Figure 18 values ®- R%A are p]otted versus the kinetic
energy. for the co]11s1on between two carbon atoms Here, RCA is
the closest distance that these two carbon atoms can have‘in a
head-on 6011isfon. h | |

For the calculation, the folToWing formulas were usedf(the'
Thomas-Fermt-Dfrac potential was omttted because at Tower ener--
gies, 1455,'5100 ev, where it differs the most from the Thomas-Fermi
potential, the question as to theveharge and e1ectnonie state of

: tne beam particle cannot be answered so clearly anymore anyway, :
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Figure 18. Cross section of closest approach between two carbon.

“atoms, calculated from various interaction models.
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making the extension of calculations to below 100 eV rather dubious).
This ambiguity did not warrant the somewhat more complicated calcu- |

lations:

C S, S Z,e R
Thomas-Fermi-FirsOv:64' U(R.,) = L g (—EA
(Ref. 63, p. 11), where ' :
Iy = I, = 6, the nuclear charge
‘ez = 27.2 - aotev - cm, the e]ementafy charge squared
a, = 0.529 x 1078 cm, Bohr-radius
s i T
F o 172 172273 °
TR I
- and ¢ = thé'Thomas-FerMi'screening_function!sz'
ol e - 2,8 R Rea |
Brinkman: U(RCA) = ———qu;—e— (1 - EE;—),exp (- E?— )

(Ref. 63, h..]]), wheke

_ 0
I V€
ﬂigl§gg;65 U(Rey) = Z - ZzezaB-"e -'—%—
(Ref. 63, p. 12), where ' CAW
| . a, ' o
B »(Zf?73 + 7 2/3 )]/2.
1 TR
| , .2 -
, Z, - 1,e R
.66 1 2 CA
Bohr: U(R~p) — exp (- =)

(Ref. 63, p. 10).
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’The"goedeagreement between the different methods, except fhat
b§ Nie]sen; down to fairly ]pw energies (see Figure 18) is note-
worthy. Furthermore, if = - REA is taken aé semething like a
scattering cross section, it becomes apparent that enefgy ]oes due
to elastic'scetfering is more efficient at 1owek'energies (ioniza—
tion and excitation cross sect1ons are in the order of 107 ]6
"10 18 cm ) This is 1mportant in the‘d1scuss1on of other processes, -
such as charge exchange,‘eompeting‘with eTasticvSCéttering.(see be-
»]ow). The c]oseSt-approach between two co]]idihg carbon atoms, ca.
2 x107° cm et T KeV kinetic energy, is only a fraction of the

equilibrium” carbon-carbon bond 1ength in benzene (1;395'x‘]0'8'cm),

‘JustiﬁyTng-the¥eoneeptéof;binary_QOllisiOnsebeiween_essehtia]1y

free.carbon atoms as the mode of'energy dissipation.

In F1gure 19, linear ranges are plotted using tne data of
F1gure 18, and the fo]]ow1ng ]1near range expressions (the 11near
range is the total path length of a fast atom, irrespective of its
shape from the penetrat1on of an 1dea]1zed "surface“ to the end -
of the track, which is reached when the kinetic energy of the fast'
atom has fe11en below a minimum energy, Ef, necessary to “dish]ate“
a target.atom. Inlthe following ca]cu]ations, this'enehgyulimit ‘
is assUmed‘to be 10 eV. However, the range data are not very sensi-

_ N
tive to this energy limit):

Thomas-Fermi :

Brinkman; | ‘ R = > 109-;—
‘Bohr:

(Ref. 63, p. 22) ,
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Figure 19 L1near ranges for fast carbon atoms in a carbon target

ca]culated from various mode1s.
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where. M

'-MZ v mas$ of target atom (= 12)

M1~ mass of fast atom (= 14)

_NS number density of scattering atoms ( 3
cm

E initial kinetic energj

¢ final kinetic energy (=10 eV)

In the above formula the quantity determining most strongly the enngy

v L . 2 v
dependence,of RL;IS. "RCA » hot log EO/Ef .

65 0.27 (1 + u)(E, - Eg)

2
1" Ly e g

R .=

Nielsen: L

NS * Z

(Ref. 63, p. 23)

'Hére, E0 - Ef’is the only energy dependent quantity.'

The pkevioUs'formu1as wére originally derived.oh the basis of
hardfsphere collisions, i.e. isotropic scattering in the center of
Mass system, treating energy 1ossés as a continuous process.  With
the same basis, howevér,3treating.£hese losses as discrete processes

leads to.a statistical analysis.
g |

o 3,
Statistical: <RL> = :
— N. - 7R

: S CA

(Ref. 63, p. 25).

4 x 1022 carbon atomsv

)



o |
In all previous range'fOrmulaS fhe contribntions to scattering.and
energy loss by hydrogen atoms were COmpletely'neg1ectedv If one
ca]culates the range of carbon atoms in a target cons1st1ng of only
hydrogen atoms (w1th the same number dens1ty as above) one_obta1ns
values which are approximately 60-fold Targer than those for earbon,‘
. except for bhe-range according to Nielsen (and Brinkman at Tow
energies) where the increase isdapproximate]y 3-fold. 'That is,: |
.bhe”contribution from hydrogen to R is negligfblerexeept in the .

Tast case, where the previdusly calculated range'decreases by
about 26% | : | |

It is usua]]y found that ranges.calculated with - the Thomas -Fermi
or Thomas Ferm1 Dirac potent1als g1ve fa1r1y good agreement with ex- h
- perimental resu]ts (Ref. 63, p. 39) The range curve-ca]cu]ated for
]40 atoms in benzene (F1gure 19) accord1ng to Thomas Ferm1 is, there-
"fore regarded as the probab]y correct one.

The average d1stance between two ne1ghbor1ng benzene mo]ecu]es
in the so]1d 1s approx1mate1y 5.3 x 107 -8 cm. The range ‘extends
therefbre at 100, 1000 and 10, 000 eV k1net1c energy over 3- 8, ca.
‘100, 10,000 benzene molecules; respect1ve]y

‘The time between successive collisions, t, is. t = 1/Qqv, where
v is the ve1ocity and Q'ié the.cross section at the velocity V. For'_

al KV carbon atom, ¢ = 2.5 x 10" 13 cec. This should be compared

with the e]ectron 'S orbital- per1od of hydrogen: 1 5 x 10° 16 ec,

and the:Order-of magni tude of vibrationa1~periods 107 ]3
A_measure for the lateral motion of a fast»atom_dur1ng'its s]ow-‘

down is the ratio between the linear and projected range, Rp.  The
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“phojected'range is the 1ength.of the*phejection ef the Tinear range
1h the direction of the initial motion‘of the atom. An approximate
- formula for R /Ry , when u <1, was calculated by Lindhard and
Scharff67 for the 1/R potent1a1 (which d1d not give good results
.for RL--(see Figure 19):

:ﬁ; = 1+su _(Ref. 63, p. 23);
ne o R :

: i . = lg_ ) ’ _L =

s with p e 1 R RP 1.29 .

-On the otner hand, RP/R ~ COS-a, where a is the ang]e under wh1ch
|

o the stopp1ng po1nt appears w1th respect to the 1n1t1a] beam direction.

39° for R /R = 1.29. This should be compared with Monte Carlo
ca]cu]at1ons of the rms scattering ang]e for a mass ratio of un1ty
~30° (Ref 63, p. 29) It 1nd1cates a remarkab]e corre]at1on 1n
the 1ocat1ons of the start1ng and stopp1ng po1nts

| Because of the stat1st1ca1 nature of the co]11s1on event the
e‘calcu1ated ranges are averages with a certain prec1s1on,vthe SO-

called "straggling”. An approximate formu]a for 1t is: 65, 66

( <(ar)% )1/2 B u).1/:;' e e

<Rt> ' 1+ ' _ . -

| | | N
(Ref. 63, p. 23).

For Bohr s potent1a1 63 = 4/3. For the 1/R2V«potent1‘a1,67 ='2/3.

The relative “stragg]1ng"bvaIUe is, therefore, between 0.57 and 0.40.
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‘get, larger than expectedvrahges have been observed.

~about 2 x 10”
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That is, the R 's form a rather broad distribution arouhd-the'average

In some instances of specia]]y oriented single cfysta]s as tar-
68’59 This phe-

nomenon, usually referred to as "channé]ing" and "super-channe1ingﬁ,:

is most likely of no significance in this case because of the irre-

gular Qrowth of the benzene target (see the following chéptéh){

¢) The Macro-structure of the Solid Benzene Target

In view of the widely observed difficulties in obtaining a
single crystal, tnere 1S,every reason . to aséumeuthat the so]id ben-
zene farget'is just a conglomerate of small crystallites.

d70

S. Zwerdling and R. Halford’® grew a single crystal of benzene

 under similar conditions as ours: Benzene vapor, issuing through a

40 cm long 0.1 mm I.D.icapilléry from a ]iquid»feservoir_at 0°C, de-
posited at a small nickel rod at -60°C. The capillary exit was main-

tained at -35°C. ”The‘gfowth rate was approximately 2 pl/hr.  The

'small temperature difference (25°) between supply and condensation.
point'is a neceésary condition for controlled Qrowth, as well as

~ the slow admission'of>vapor, particularly during the nucleation

1

period. In our exberiments the temperature difference is 200°

._ahdbthe condensation rate 100 -u1/hr or more, far béybndvconditions

pfesumab]y necessary for sihg]é trysta] growth; Thé density‘of

molecules in the benzene .vapor stream corresponds to a pressure of

4 o Hg, i.e. well above the equilibrium vapor pressurék

33 15 20

at -196°C (by extrapoTation, 1007 to 107" mm Hg). These
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, ond1t1ons probab]y a]so favor the format1on of small aggregates of
benzene mo]ecu]es in the gas phase be11eved to be the source for
nuclei of eondensatmn.72 Thus, nucleation probably abounds and
prevents or interrupts reguTar‘growth The crystal structure of

benzene at -3°C has been determ1ned by Cox et al. 73

a].74 ‘

and Koshin eE

" The unit cell size is (in R):

Temgerature a2 b _c |
e 7.6 9.66 7.03
200 .43 9.63 6.9
700 7.3 9.45 6.74
950 7.21 9.25 672

F1gures 20a b are a d1agram of the crysta] structure of benzene ‘
viewed a]ong different unit cell axis (reproduced from Ref. 73)

| ,It befomes apparent from tnis model how re]ative]y loosely
}packed»the‘benzene mb]ecu]es are, evenlin the;so]id state.

The particular configuration between neighboring benzene moTeQ
cules can be important only fn biho]ecu]ar’reactions between two
such nb1eeu1e$. Howeuer, since in th-atom ehemistry one of the
two reect{ng-mbleCu1es would always be a product of a preceding
reection (éég,, addition.or rep]aeement of a carbon atom, see-Chaan: B
ter III, 4) one has t0'eXpect, in general, that the cdnfiguration br "

~ of this product molecule is different from that of the reactant

benzene molecule formerly at this place. Only in the low energy



B
: ."iﬁ:) :

CXBL 695-4254

Figure 20. Molecular mode],of'the'benzene crystal unit cell
73

(according to Cox et al.”®). I, II, III, and IV are the four

crysta1logkaphica11y_different benzene molecules. B
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11m1t can a correlation be expected ~ We do not, therefore, draw.
|
any conc]us1ons from the crystal structure of the unperturbed cry-

. stal for the,1nterpretat1on;of hotfatom chemical resu]ts.‘
v N {

- d) The Charge:and E']:'ectronic’S’cail:'el‘of'the']4

*C in’ the solid

~ Benzene. v

ft:washassumedv{n Chapfer‘III, 1b.("Energygloss andfrange")
that the carbon ion is neutraliaed'inmediately"affer oenetrating‘
‘the solid surface;_and that the particular electronic state of the
carbon atom is of no conseguenoe as to*its range etc. However,
" the e]ectron1c state may be very 1mportant in the f1na1 chem1ca1
react1ons (see below) and it is necessary, therefore to cons1der ‘
'th1s po1nt exp11c1te1y Unfortunate]y, aga1n, very little spec1f1c
theoret1ca] or exper1mental work is ava11ab]e for compar1son at
'present o | |

{

RED Exper1menta1 background Charge state méasurements on

high energy (>50 KeV) carbon ions moving through ]ow dens1ty ab-
sorbers were performed by several groups. There are fewer measure-
ments in the 1ntermed1ate range (20 - 10, 000 eV) and very few at
energies below 10 eV, V1ko]aev et al. 75 determined the average

i o
charge of a beam of singly, doubly and triply charged.]]B, ]3C, 14

16 20

N,

0, and ""Ne jons in the-ve]ocity range 3.5 to 11 X 108 cm/sec .
'after passage.through_Hé, air, Ar, and_ce]]u]oid film. Sinee the

ﬁ'ue]ocities are'between 1.5 and 5 times Vos fhe Bohr—ve]ocfiy (see

 Figure 21), the equilibrium average charge isiposifive‘but decreases

almost proportionally tglthe.Velocity. For example, tne average
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BOHR-LIMIT

Vo » VELOCITY OF ELECTRON IN HYDROGEN 1s-ORBITAL .

108

VELOCITY oF Y4¢  (am/sec)

AVERAGE VELOCITY OF 300°K CARBON ATOM

10° f ' o '
-t wt 10° 10
’ ‘ . ENERGY (eV)

w

XBL 695-4227

Figure 21. Ve10c1ty versus energy d1agram for carbon atoms between?

“therma]" energies and the Bohr 11m1t
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'charge is approximate]y +0.5 for 6 x 108 cm/sec carbon particles

(1ndependent of the 1n1t1a1 charge state and ca. +0.2 at 6 x 10

76,77

cm/sec ve]oc1ty ‘Many other-s1m11ar experiments show that as

the average charge decreases, the width of the charge distribution
also deoreases, j;g, at lower energy'the carbon particle is not
on]y'“on the average" neutral but aTso:?more'1ike1y” neutral. This “
concurs we]f with\resu]ts from actuaftcharge changing cross section‘]

data'(see below). TheSe cOnC]usions are confirmed by similar re-

sults on carbon beams w1th a different initial charge distribution. 78

49,50,79 -

J. B. Hasted et al. determined the cross section for .5ﬁ

the reaction

CF+X ——> Cc+x, X = Xe, Ar, Kr

for Cf.energies between 25 and’40 000 eV - It increased from ca.

]7 cm2 to a maximum of approx1mate1y 3 x10° -15

va]ues which depended on the gases ‘These and similar data on other

3 x 107 cm2 at energy
~ions and gases large]y corroborate the resonance rule hypothesis
(see below). An anoma]y was found for Kr where the cross section
'varied only s]ow]y 1n_the reg1on of the expected maximum.

~ Hasted also measured the detachment cross section according
.49 | | |

A,...._.|;A;,,.._ R e .

c” + Ne ——————————> C + Ne + e

between 100 and 3600 eV The cross section increases monotonously

“3tos><1o’6 me.

1. 80,81

'from ca. 10
Fogel et al 1hvestigated the two-electron capture of

- C+ 1nvgas~mo1ecu]es'between 10 and 55 KeV, according to
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e —— > e,

 where X = He, Ne, H2,“N2; 02, Ar, Kr, and Xe. They found the Cross

section to increase in the-above'order from 10']9 cm2 to 6 x'10'17

 cm2'at|55fKeV; AT] cross_sectibns drop by a factqr'of approximately
10 when the energy decreases to 10 Kév; vThese results are aiso
conéidered in agreement with the'résonance rule hypotheéis.82 .

| - Phipps 95_21;83 determined the number of ion pairs when ct-
bidnS'of_enérgies between 25 and 50 KeV are stopped in Ar. They

Find 657 pairs at 25 KeV (55 eV/pairs) and 1099 pairs at 50 KeV

(45 eV/pair). It is sufprising'that So'many ion pairs afe ermed,
although the ion ve]ocify is wel] be]ow‘vo. HOwever,_the following
cdnsideration points out a significant aspectgl Since‘ion-pair'fOr_
mation is due to excitation,_etc,; byithé fastQpaS;age of a coulombic
charée, one can éssume that the énérgy per ion pair;aw,-shoqu
aétua]]y be a_consfant. The'reborted incréase}by 20%‘(from 45 to 55
~ eV/pair) as thé energy decreases from 50 to 25 KeV fndiéates, under

‘the above assumption, that the energy available for ion pair forma-

tion was only 42.5 KeV at 50 KeV and 17.5 KeV at 25 KeV, i.e. that

o below ca. 7.5 KeV no ion pairs are formed at all. The now'constant.

value of ca. 38,5'eV/ion pair, however, has to be compared with

2+

. 28 eV/pair measured in Ar for H' and He*" in theAhigh-ehergy limit

(v 2 vb).84 Perhaps (the averége) W is indeed somewhat higher at
lTower energies than in the high energy"average, W-values in hydro-
- carbon vapors (Tlow moﬂecuTak weights) are usually between 29 and

31 ev/pair.®
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'1 As to the’question,of-the'relevance‘of'charge~exchange Cross
section data taken (mostly) from-1ow-pressure gaS~phase collision
experiments. to charge exchange in the 'solid benzene: P.'M. Stier
mentions in a rev1ew that pressure effects upon the cross: sections

'nave been suspected but not substant1ated 86

The qua]1tat1ve
s1m11ar1ty of cross sect1on data is the ‘strongest support for the

poss1b111ty of app]y1ng gas phase data to so]1d benzene

2) Theoret1ca1 background. In the 1nterpretat1on of cross

‘sections for inelastic collisions between atomic systems, with
relative:velocitiesvbe]ow Vo> probably the most frequently applied

hypothesis is that of near resonance.87’88

‘It'states that the
transfer-of;exCitation cross section betweentcolliding systems‘is
maxima] if the net energy change, the resonance defect, is zero,
andi1f tne tran51t1on is "optically" allowed. In cases of uns e -
tr1ca] transfer, w1th a f1n1te resonance defect the cross sect1on
is a funct1on of the relative velocity of the*co]11d1ng systems.
bAhrelationship between:the‘position of.the marimum'cross section

on the've]ocity (or energy) scale is derived from'the condition

-of adiabacy,

;'ahAE,|4‘>>;_]_, s e T
where E_is'the "resonance defect”, h is Planck's constant, v is the
relative velocity, and a is a lengtn of the order of the atomic |

dimensions involved,' Taking the above inequality as equation,

Hasted et al. 89'found a mean value of a =7 x 1078 cm for many
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)+ m+

charge_transfer’reactions of the type A" 4By A(nfm + B+

o ‘
AE, while Fogel g;_gl,go determined a = 1.5 R for AT+ K ——

2+

A" + Kr™ , where A are atoms with Z from 1-10. Thefe are many moré

examples pf'the‘validity‘of the near-resonance hypothesis'(Ref. 88,

p. 278) but also apparent "failures", usually attributed to crOssihéi

of states dUring the formation of the collision complexes:50’89’91

Crdss sections for these reactions seem to be in the order of 10']8

“to 10717 e : ‘
| vApplying the_adiabatic rule to thevpresént system,:the’fo]]oW-'
ing state changes of the co]]idfng'systems are.cbnSidered (Table II).
The energy, Em, 6f‘max1mum Cfdss sections are résongncé defects, AE,
for some reactions are listed in Table iII. .
| From Table I11, the pkedominaﬁt processes'in.the'5 KeV.reg1on  ' 
. sﬁquid be grouhd stafe/ngQnd stﬁte and~ground,st§té/]s'nedtra]iza--
~ tion. Their cross séc@idhs_should decrease towardé lower energies, '
1

and neutralization into:thé D state should dominate there. Al1

tfansitibns are optically allowed, and therefore their cross
sections should be large (10f16 sz).j |
Direct neutralization of the metastable 4P'1dnic étate should |

1 1

 be infrequent at 5 KeV. Those into the 'D and 'S state are not
-eveh "a]]owedh. - }

ContluSion: Taking into account ﬁhe conclusion of.Chapter II,Lfﬁ
3, according to which;the V4t jons gehéfatedAfn this ion source
: are most 1ikely in théir”ground Statew(zp),'bne Qou]d derive»froh'
the app1ication of the'adiabgtic hypothesisvthatf 1):Thé fast

carbon ions are readily neutralized, and that the carbon atom can
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Table IT |
) > : . [ |
~ - Energy of Reaction Values for Some Elementary Processes -
SE (eV) Type Ref. o
c—>ct m.217 L. - 33 |
: : | from .
‘ C(3 ) ——>C,y 2.68 . optical 92 .
P (1) |
B = ‘ spectra
“(3p) T Ysg) -1.25
¢t C 8.5 ~
(250 S -8.58 R.E. 93
f“ﬁ_.’?(,].D') -10.00 , "
| ——.%_C(3p)‘ PRl R
¢t |
. |
(p) —— L5, -12.40 " o
. |
— s, -16.58 " "
—C -15.32 calc.
S
—>C . -13.9 ' calc.
ag)
el )
Celg — CcMg 9.6 L. 33

C6H6 .—;_>C5 6 <4 vjbr_ationa]’excitation
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. Table II{

Maximum Cross Section Energies

+ _ :

—ap)

»C(3P).+ C6H6 —————ff C(4S)

t

<+

T+

+

lAElﬂ(eV)

¢6H5+_ e
C6H5f’ 0.4
CGHS+ i.d',
CeHe 7.6 
C6H6f‘ 2.8
clst  4;

CaHe" R ‘vz.j
CéH6+ ‘ 10

06'”

'Em.(KéV)

5.4

2.1

101

34.6

15.4

210
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be considered the reactive species for most of the hot-atom chemistry

investigated in this thesis. This conclusion is probably correct
for initial energies larger than ca. 50 eV. At lower ehergies
reactionvand Ehakge exchange cross sections are becoming inbreas-
ing]y-compakab]e. 2) The domiﬁaht e]ectronibjstate’of the heu-

tralized carbon shou]dnbe 3P and ]S at enérgies above 2.1 KeV. At

d [ o

Tower energies the first'metasﬁab1e state "D should be most abun-

¢ dant. Whether deactivation of this state (and also that of the ]S
state) to the ground state (3P) occurs with sufficient frequency so- -
- that most carbon atoms could be considered to be in their eTectrbniét
.ground state as they enter tHe:chemica] energy rangelcannot be pre-

dicted_from the adiabatic theory.]2

In the absence of specific
'ihformation one has to accept the possibility of a mixture of
electronic states among the carbon atoms participating in chemical
reactiohs. The ke]ative abundance of states is also, most 1ike1y; S

a function of the initial kinetic energy of the carbon ion.
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2. Hot-atom Chemistry of Carbon

a) Experimental
The hot-atom chemistry of carbon in benzene was investigated

prior to this work by various groups: Libby>* (1956), Wolf°> (1956),

Lemmon-96 (1956), and Vogt97 (1963); During the completion of this

99 (

study, Voigt?® (1965) and Wolfgang®® (1967) published data on the

same subject.

14

Libby, and first a]soFWOlf generated fast R

C by the N'(n p)
4 |

C reaction N1trogen was present in the 11qu1d benzene in the

form of an111ne 2- methy]pyraz1ne or acetam1de (at concentrat1ons .

100

of about 104) Later, Wolf". emp]oyed the ]2 ¢ (n, 2n) ]]C react1on;"

Vo1gt and Wolfgang tne : - ]2 (X n) ]1C react1on to create fastv

rad1oact1ve carbon 1sotopes under cond1t1ons w1th smaller "rad1at10n;

damage" to the chem1ca1 system than in the N (n,p) ]4C reaction, ]2.

14 9

Lemmon used a mass Spectrometer to produce a C- ion beam of 10

-10

10° amp intensity at 2 KeV. Here the benzenevwas in solid form

at -155°, A1l other workers used beniene'in liquid form.

A11 workers have found ]4C-ben2ene-and toluene as products.

94 14,101 found

99

»L1bby also found di- and triphenylmethane. Lemmon "

-1,3,5- cyc]oheptatr1ene which was confirmed 1ater by WOlfgang and’ -

Vo1gt 102 Vo1gt97 and WOlfgang99

directed more attention to pro- -
ducts with molecular weights smaller than benzene. Tﬁe most abun-
dant is acetylene (ca.. 7%), followed by dfacety]ehe with ea. (5%).
Methanevis found in yieldsiof'O;Z%.97 Benzene,;to]ueme, and cyc]o-“_

neptatriene were generally found with ca. 2, 1, and 4% yie1di
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Voigt also found pheny]acety]ene at 2% y1e]d 10

' Wo]fgan99? 1nvest1gated the y1e1ds in solid, liquid and gaseous

. benzene (70 mm Hg), the 1atter also in the presence of 0, as sca-

i

venger (3.5 nm Hg), or Ne as moderator (benzene 40, neon 760 mm Hg).

'b) Interpretat1ons

Rev1ews of the exper1menta1 and theoret1ca1 work in hot-atom

chemistry of'carbon in various systems were given by Willard (1955).,_]03

104 )-12

Wolf (1964), ~  and Wolfgang (1965).

‘ ] : - . .
The general reaction scheme can.be concentrated like th1s-
1)'Carbon forms CH2 in hydrocarbons and reacts, in this

-~ form, in very much the same way as CH2 from other sources. CH2 was

100 4

»;therefore assumed as precursor for toluene and cyc]oheptatriene

from benzene, and for various other ana1ogous products in other
I i .

bsystems 12 ;

» 2) Carbon reacts initially by two insertion mechanisms:
"C- H" and "C= C bond 1nsert1on" C H insertion leads to the forma-
tion of a carbene wh1ch could undergo a b1mo]ecu1ar condensation

with another substrate molecule, The observation of several C5—

compounds from ethylene is a good indication for this.]os' Or, the
carbehe decomposes due to high internal energy (Wolfgang suggests

that the spin state might be the determining factorlz):“ Acetylene ii

is be]1eved to be the main product of this decompos1t1on route 106

C=C bond 1nsert1on is demonstrated by the observation of good

| 107

yields of allene and methylacetylene from ethylene. Allene was 1Z;

labeled in the center carbon by a ratio of ca. 2:1 over the end
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carbons , ‘while the methy1acety]ene showed'a 1abe]ihg patterh close
to rando&.

Forben;ene,.wdlfgang'bOStu1ated “C7H6 adducts" of various
cOnformafions which wére assumed to decompose-to the low molecular
-weight products or form pd]ymers in bimolecular (or chain)’reactioné.
The increase of polymer, i.e. compounds with higher molecular
Weight than 100, from 80% + 7 to 93% + 2 when going from the purev'v
vapor éyStém to the neonfmoderated (760 mm Hg Ne, 40 mm CGHé), was
 interpreted as an indication for this hypothesis.‘99
| The fact that scavengers (DPPH‘Or,OZ) do not éeem to alter
'the'hdt—carboﬁ chémistry.in benzene is attributed to both the high
reactivity of carbon and its primary adducts with benzene--dl] pre- -
sumed to be "thermal" or near-thermal reactiohs, .This interpre-

tation, of course, js contfary toithe-uSdal hypothesis that sca-
Vvengers are effective only for thermai, not "hot" radiéd]s, i.e. an
1nsens1t1v1ty of a product y1e1d to the add1t1on of scavengers is
attributed to the "hot"- -ness of the rad1cals 1nvo]ved On the
-other hand, the var1at1on of ‘the yields in the moderated'system,
i.e, 1ower1ng of the acety]ene and benzene yields, do not seem to
be conducive to a definite 1nterpretat1on

14

The formation of "“C-benzene, as in general the apparent re-

~ placement of 12 14

C by '"C in the parental molecule, sometimes re-

ferred to as "retention", is essentially not understood in any of

-~ the investigatéd systems.
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| ¢) Theoretical |
 The only theoryiab]e to’fualy delineate hot-atom chemistry

is,:of course, quantum mechanics and quantum field theofy. The
absenc% of accurate solutions (or éyen'téstéd hbbroximations) to
- most chemfgal'prob1ems, however, méke them almost totally useless, .
and semi-empirical theories,havé to be:déveToped.  The demands. on
any such fthEOry” afé:' It must.réduce'exberimental data and allow
-generaTizgtioné on'futufe experﬁments; and ‘the terms fhrough‘which
~ reduction is échieved»must be‘amenab]e to comparison wifh'terms
from other theories which deal with the same‘pkob1em or, better-
yet, shoyld'be potentiai]yvdirectTyca]cu]ab]e from’quantUm mecha-
‘niCs‘(seefChapter I, 3).

| 'Frob§p1yf5uggested by thevgeherél propensity in hot-atom
chemica]'Systems to form the pérehta] mo]ecu1e,‘ear]y quantitative,sy
tﬁeories were based on "cage models", i.e. the data were'intérpreted'
in'térms‘of‘impact-induced disgociatiOn of a molecule and recom- v
'bfnation of the fragment‘radicais trapped in the cage, versus
fvdfffu$1on ofvreactiye species away from the cage if.their kihetic
'energyvis sufficient to overcome the cage barri'er.m8 _The'implied 4;,

. mechanisms seemed_acceptab]é from the point of view of "mechanisms" -~

'devéloped in organic chemistry, and it was hoped that this approaqh“:
WéﬁTd-gé“éép1i¢ébié.fbuéfher fé;ﬁt}éhg éﬁd b;&dﬁéts_asvwell, not . 
just the above replacement reaéfions.' The mést fUndamehta1 quantityf
;v”in thi; theory is the edérgy gap'betﬁeen the reaction:thresho]d and;f'

the cage barrier. The larger this quantity the more successful
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would this quant1ty determ1ne certa1n gross features of hot-atom
» chem1stry. where th1s energy difference is small or even van1shes,
as in gas phase react1ons, the theory becomes 1napp]1cab]e. The
observation of many hot—atom produets in:a11 three phases and the
se]f;imposed limitations (e.g., by assuming as basis certain
mechanisms, such aS»“dissociation" and "recombinatfon"), have made
many researchers turn away from th1s approach Even in the phase
most amenable for app]1cat10n of 1t “the solid, exper1menta] evi-
dence for non-stochast1c processes, as channe11ng and focussmg,63
make the assumption of a'statistfcai quantity such as cage carrier,

etc > a quest1onab1e basis. 6

The "billiard ball" hypothes1s,]09

suggested to aceount~for
,'replacement reactions, appeals for two reasons:'.Ffrst,’it allows
these reaetions to occur at rather high energy (and it'c0u1d,‘there—-e
fore, be a tru]y "hot"-reaction mechan1sm) if the.c011ision is “head-
"-(the initial k1net1c energy is on]y Timited by the finite k1net1od
energy after collision due to the 1sotop1c mass d1fference [see.
Appendix Cl); and, second it is app11cab1e to any 1sotope How- |
1 vever,_it is part]y theTlack of analogy to orthodox organic-chemical -
mechanistics (for instance the 1mp]1ed absence of any chemical spec1;
ficiiy) but ma1n]y 1ts conceptua] incompatibility w1th estab11shed |
rate theories that th1s-theory has found few fn1ends. Cross and

110 show, in partioular, that an-isotooe effeot of 3 wonldv';

wo]fgang
‘be expected for a billard-ball mechanism in the reaction of tritium f
with (deuterated) methane, while the experimental value is very

close to 1.
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Conceptually quite different and more amenable to testing by

O TLTT-114 e ost fundamen- -

exper1ment is the co111s1on theony
>ta1 term is the "collision", which is usually defined by the event
- of momentum change of _the 1n1t1a1 particle. "Reaction” is des-
.cr1bed to occur with a certain probability, p(E) (a functioh of
the re1afive energy;’E)vwith réspect td this co]]ision.v The
"cb]]isiqﬁ"fprobabi]ity; n(E) (a]éo.a function of the energy) can
be calcufafEd from the kinetic theory under certain assumptions]]
and "yields" expressed in terms of n(E) and p(E):6 |

E

0

Y, - f p, (E) n(E) dE
Ey

‘vHére v refers to the vth product; Eo‘and E]’are the reaction thréshdid o

.andfupper limit, i.e. pV(E) > 0 only if EO T ES E] .

~In theuaone‘equation, n(E) must take into account the finite

reactivity at‘ehergies higher than E. Wolfgang g}_gl,]]2’113 found
the following expression useful as a working assumptionf
B _
n(E)' dE =_1;E— 1-2 f f 'p(E n(E) dE dE ,{__f

where f is the re]at1ve probab111ty of collision with component v, f

E (after collision)

a. = -In
| ; E (beforelcollision)

This allowed them to express yield data in terms of "moderator" cthﬁ

centration (]-f) (for the case of inert gas admixturés) and the
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reactivity. integral

2 (E)
p (E S 2
[ = f v 4 vy = %21 5y o«
Vv E v o v o, \V]
Eo
.fE. o -
where ¢ ' - - dE de .
) E ‘

Ivi(and thus Kv) are obtajned‘from’the Timiting va]ue'df‘Yv.f (af F)
for infinite moderation "This'application of the kinetic theory
Tends itself quite well to the analysis of nuc]eogen1c hot-atom

moderator exper1ments 113-115

g and Gordus]]4 116 have 1nvest1gated the effect of

Hs1ung
varying the assumpt1ons that enter the der1vat1on of the c0111s1on
function, n(E) For 1nstance 1t 1s known that the assumpt1on of
1sotrop1c (in the center of mass system) scattering between.atom1c 7
'part1c]es is fa1r1y good at 1arge ve]oc1ties_(>] KeV); however,‘at |
Tower energies small angle scattering seems te be generally pre-
ferred. 'gThey-cdnclnde that, due toithe-absénce of'sufficiently k
accurate elastic scattering data 1n the chemically 1mportant range.
of 1- 30 eV, . an. abso]ute eva]uat1on of the react1v1ty 1ntegra1s I
>1s beset by 1arge errors.

. The1r work‘po1nts out vehy well the.drawbacks connected with

the calculation of the collision function from the Boltzmann_trans-=E

port equation:
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E E

maxX o C max -
in) = j b(e) - k(E,e)de +‘f n(e) - k(E,e)dle .
E ' E

mn

]
n(E,E

|

E
max’_m
.i

wnere D(E) is the particle flux at energy E entering the absorber

F

-

E_ :
-~ Tmax ‘
o j‘ b(e)de = 1 SN
T Emin |
Emin a+9 Emax are the energy 11mjts for this initial particle flux;

'k(E;e)fis the probability that a partic]e has the ehergy E after a
co]]iSan undergone at energy e (éE); and ¢ is the integfation 
vakiabie‘on‘the enérgy'axis;v The removal of primary particles due
to reaction is beihg taken care of usually by a perturbation calcu-
1afiqh-ét the n(E) determined from the above equation.

'Wh%]é:thfs formulation allows the application of the well-known
analytjcal calculus it is £00 restriétive in the-forms that k(E,e)
can‘haYe‘in order to make the iﬁtegra] equation solvable. For iso- -
tropic scattéring, it is simply 1/&, and n(e) can be eva]uéfed;. Not
S0, if the predominant small ang]e scatteringvis to be included.

1

On . the other hand, the appearance of the independent variable E as
[ ¢ . ] .
one of the integration limits makes it plausible that, if E<<E s

“and Eppand- o

'fﬁé"63T1ﬁ?ﬁaﬁ_?DﬁEdeh7W7T1“bé'ihﬂépéﬁﬁént“of"ﬁﬁg' n

_ 1 . X
also rather inéensitive to the fine structure of k(E,e) at hign
energy. Therefore, if deviatioﬁs from the asymptotic collision
+ function, n(E) =.]/aE; are found or expected at Tow energies, j;g,-'

in the chemical range, it seems clumsy to have to evaluate integrals
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covering a 1arge energy range which may_contribUte on]y-rery little,
while it is difticu]t tohte]] just how important it is. Furthermore,
it seems equally clumsy to first calculate the eo]]%sion.function
assuming certain reaction probabilities and then calculate the
reactivity integral by meking the:same assumption aééin R. N. Porter
. has, therefore, shown that the reactivity 1ntegra1 can be eva]uated
d1rect1y if the reaction probability p(E) and the collision probabi-

Tity k(E,e) are known,]3

or, if reasonable assumpt1oné about:them
can be méde in-the chemicaj energy range. Th1s approach also seems
more suitable for computat1on if p(E) and k(E,e) are available only
in numerical, rather than ana]ytwca] form ‘
Menzmger,7 who determ1ned that the yields of tritiated products
| from fast T+-ions in cyclohexane are dependent on the kinetic energy
of TH between 3 and 200 eV, app11ed Porter's method and obta1ned the‘
reaction probao111ty funct1ons p (E) for the d1fferent products. 'He{
also po1nts out that with ord1nar11y obtainable accurac1es this com-
bined exper1menta1 and theoret1ca1 method does not admit the eva1ua-l
‘tion of_p(E) for values of E much ]arger than the threshold eneragy, :
.Eact’ because the yield vaiues are always integra]s dver the Whole '”
energy range below the 1n1t1a1 energy, and therefore ratner 1nsens1-e
tive to changes of p(E) for E>>E | v1
In the present 1nvest1gat1ons, the. k1net1c theory is app11ed to:;‘
two different probiems: the der1vat1on, for a large energy range (14
100 eVv) of the approximate collision function for one-, two- and
'tnree—step fast intermediates (Appendix B), and the approx1mate c0111-

sion function for secondary (knock—out) 12¢ atoms (Append1x-E).‘ In

order to keep the rather comp]éx ca]cu]ations'tracteble, n was assumed
‘to be 1/E, and k(E,e) = 1/e . '
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3. AcCe1eratOr Chemicél‘EXperiments _ ! _. )

Dur1ng the course of work for this thesis, about 60 ' ‘irradia-

12. 14. 14 14

- t1ons“'were performed 1nv01v1ng C, 'C, 'CO-ions and " 'C-atoms

at energles between 3 eV and 15,000 eV. The target was benzene, ex-
»cept for one irradiation of to]uene The temperature of the target
was -196°C with the except1on of a few 1rrad1at1ons at -156°

‘(freez1ng temperature of 1sopentane) for "U-2" experiments.

a) Genera] Irrad1at1on Procedure

Approx1mate]y 100 u1 benzene were depos1ted on the target

surface»before the beam was turned on. This amount was suff1c1ent'i
to-ascertain, by vieua] inspection, that the solid was Qrowingi(and:
w0u1d contfnue to grow) in‘an even way over the who]e area to be
exposedkto the beam. Such a layer of.benzene is a]so‘sufficientiy
thick Lo that all carbon ions are stopped within the solid.

The Flowrate during the irradiation was 120-150 u1/hr, and the
spacinﬁ of fhe nozzles such that about 80% of the deposited benzene'
wes within a circle of about 1 cm diameter (see Chapter II, 8).‘

The recevehy of benzene was between'SO[and 70% (with reépect to
the ‘total amount of benzene 1ntfbduced). Most irradiaiﬁens 1asted;1f

dependfng on the purpose, between 1 and 3 hrs. When on]y yield

data were to be taken, T hr was suff1c1ent*““1rrad1at1ons for~subse--— -
quent degradations of the products 1asted 3 hrs and in one case 16

’hrs., (For techn1ca] deta1]s see Cnapter II, 5, 8, 9 and 10).
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b) Recovery of the Irradiation Sample

After the beam was turned off, another ca. 50 ul were allowed
to deposit. Then theAtarget section was valved off frdm the rest of
the aécelerator vacuum chémbervahd broughtifo 1 atm by fi]]ing with
“dry N,. The target, still filled with the cooling fluid,. was then
removed ‘from the taréet box dikectiy into a glove box which was coﬁ-
tinQouS]y f]ushed»With dry nitfogen. The}so]id'was then scraped  ?

2
~ cases a metal foil disc (¢ ca. 1 cm, gold or copper, 25 u thick) had.

off and transferred, in this' form, into a LN,-cooled vial.. In some’

:”been‘g1ued'to the facerof the cube target with silver paint, and the
benzene had been debosited on if. The who]e'diéc.p1us solid benzehe:
could be easi]y'pried of f and tréns%erred into the via].'
| After comp]etioh»of the sample rémova] (which takes between 5.

“and 10 min), the vial was closed and kept at.dry-icevteMperature
until processing. Very volatile produéts such as acetylene are, of
“course, lost in this proéeduke. Invorder toAreéovef.thesé compoundéz,
a gas transfer and trapping hethod has to be»ehb]oyéd. However, :
fn thié thesis.the main interests were the non-Vo]ati]é, bui]d—up
producfs. | | | | |

The vial was made of év1/4" "Coyar" seal, the glass part drawn;;
to a boint, and the copper tube hard-so]defed to.a bfass pipe fit- }:
ting. As a 1lid we used an a1uminﬁm plate with a‘fine hole in the .7 
| center:to a]]ow a éyringe needle to pass through. Thislho]e was
coVered (6n the outside) by'a larger rubber septum. A tef]onFO;”
ring established thevseél betweén»the brass fitting and the aTuminumf.,

plate.
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c) Identfficationvof‘PkoductS E o

Aliquots of ‘the irradiation mixture were injected on gas-
 Tiquid chromatography columns ("Carbowax 20M", or "Apiezon L", 5%
o chromosorb W, 10" x 1/4" 1.D., 40 ml/min He, 70° for 12 min,
]O°/min to 225°). Both cofumns geparate‘hydrocarbons approximate]y- 
accordfng to tne1r bo111ng po1nts, mak1ng ‘the guessing of the un-
known products structure easier.

The eff]uent of the column was mixed with methane at 40 ml/min
flow and counted in a 20 or 85 m] cylindrical proport1ona1 counter
‘tube (Nuolear Chicago). Tne counter tube and the connecting tubingf
:vvbetween it and the column exit port were heated to 250° by electri-

" cal heating tape (fn.order to prevent condensation of the high- |

boiling compounds). The plateau of the counter,'e function of

temper?Fure and flowrate, was determined in_situ with a mild ex-
tennally-sourcet "This plateau was usually around 1800-2000 V, the
backgkound 300 cpm. Tne electrical output of the proportiOnal
counter,and the thermal Fonductivity detector of the gas chromato-
_grapthere recorded on a two-pen 0-10 mV recorder, and tne'two pens,;

14

set o) tnat for a test compound (to]uené- C) exact coincidence of'u;

P

the pos1t10n of the two peaks was obta1ned In the ana]ySis of theFQv

. T Y .
1rrad1at1on mixture, »the co1nc1dence between an added carrier peak

UV S e dime e am e e [ -

w1th one. of tne activity peaks was -taken as 1nd1cat1on for the

14C-product (see Figure 22). However, in Cn

identity of the unknown
order to substantiate the identity, the carrier plus activity were
trapped in-another run as they emerged from the chromatognaphic. '

|
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23 \ y-2 ' CHT

Injection

1 1 ] |
- 20 15 0
TIME (Min.) _
Temp: - } + {
P 200° - 200° «—— A 10°/min. . 75° o
. . . ’ XBL 683-4120
14 +

| Figune 22; Typica]_g]c—analysis of a 'C -ion bombarded benzene

. sample (enefgy 5 Kev) Heavy, Jagged line = proportionel counter
s1gnaﬂ 11ght line = therma] conduct1v1ty ce]] s1gna] from samp]e-_f
benzene and co- 1n3ected carriers. Pheny]hexane serves as “marker.v}

and co-precipitant. for "y-2" (benzaldehyde).
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| co]umn, and certain chem1ca1 react1ons performed on them (see Tableh.‘
FIV) wh1pn:(preferab]y) produced a d1fferent carrier ~ Reinjection
on the column of the product mixture and record1ng both the thermal- :
v conducttvtty and the activity of the effluent revealed whether_the

N
"activity" had undergone the same chemical reaction as the carrier,

'since,‘uSUally, the retention time-of the products were different
from the or1g1na] compounds '

Actua]ly, it is also necessary to estab11sh that all of the
act1v1ty trapped, or, better, recorded as activity peak, was the
‘particular suspected compopnd. Some significant part of it being .
of'afdifferent”structUre.and without a substantial amount of carrier
.couid hauevbeen lost in the chemical reaction, trapping; etc. Thisni

‘-check was done, _;g_ with CHT, by measuring the apparent spec1f1c

V “act1v1ty of the CHT peak and, 1ater, that of its Diels-Alder- adduct
(see Table V). ‘The result was that the CHT peak conta1ned at most
5% contamination. A part1cu1ar1y 1mportant compound in this respect
_‘was benzene. Because of the 1arge amount (10-20 x) the peak is
rather broad and a number of other compounds could be buried under t;
it. Tne product benzene was therefore trapped, its apparent spec1-i-
fic act1v1ty determ1ned and the same samp]e subjected to certain n
treatments as listed in Table VI. After each treatment the apparent:
) spec1f1c act1v1ty was® deteraned’aga1n~* Within -the exper1menta] '
. error 11m1t (37) no change could be observed Un]ess the contam1- R

nant rad1oact1ve compound was as unreactive to Br2 and Pt/H2 as

lbenzene, the “"benzene" peak in F1gure 22 consists of benzene only.
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Table IV

Results of Specific Chemical Reactions on the Eight.Major

Compounds Obtained from

14

C/Benzene Interactions

Produtt'

Compound ~ Reaction
‘Benzene Hydrog Unchanged
Td]uene. KMn04oxid Benzoic acid
Hydrog. .vUnchanged
CHT Hydrog Cyc]oheptane
$C=CH Hydrog BCH,CH |
u-2 Hydrog - To]uene8’117
“Methyl cyc]ohev>v(ane€"‘_".1]7
Biphenyl Cr03{oxid Benzoic acid
v ;Hydrog. Unchanged
B, CH, Se0,-oxid 8,00
Hydrog o UﬁChanged
Hydrog

¢cy¢1oheptane :
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Table V
Radiopurity of Cycloheptatriene
Expt. MWeight

Specific activity
in (dpm/mole) x 108

Sample : No. (mg)
_Injett-a]iquots of n-pentane 1 1.763
| so]ution of CHI¥]4C; trap 2 2.822
CHT ~ 32,943
= Diels-Alder adduct® 1 0.975
| 2 2.035

1.61
1.61
1.60
1.53
1.53

7*Dimethy1acety1ene dicarboxylate (prep. as in ref.127).

Table VI
Radiopurity of Benzene

Expt. Weight

Specific activity

¢

. Sample - No. (mg) in_(dpm/mole) x 10-3
inject aliqyots.of n-pentane 1 4.627 1.95
_ solutibn,}trap benzene-]4c 2 _4.]20 2.01
| | 3. 3.077 1.93
Hydrogenation o 2.126 1.93
Brominationl ] 4.304 1.93
- T T w0 6 T

*Here the trapped benzene was reinjected and re—tkapped in order to

eliminate some background mass contamination which appeared in the

first run. .
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In this way the fo]Towing products were identified: benzene,
| toluene, cyc]oheptatr1ene pheny]acety]ene b1pheny1 diphenyl-

]]7 (It cannot be said which

_methane and pheny]cyc]oheptatr1ene
~of the four isomers of pheny]cyc]oheptatr1ene the actua] product
1s, or 1f 1t is a m1xture s1nce th1s compound isomerizes strong]y
under the high temperature cond1t1ons of the 9as chromatography,

presumab]y due to transannular hydrogen shifts. 118)

o d) Hydrogenat1on of the Irradiation M1xture

For two reasons it was found feas1b1e to hydrogenate the
vreact1on mlxture before ana]y51s 1) Some (poss1b]y h1gh]y stra1ned)
products might decompose on the hot 1n3ector (usually 250_) of the f
gas'chromatograph or on'the co]umn.and thus not be detected 'Hydro-
genat1on however might stab1]1ze this compound. 2) There may be .

" a 1arge var1ety of compounds, such as’ various unsaturated n- a]ky]- :
'benzenes, wh1ch are not separab]e on the co]umn and which, there-.

_ fore, make up the structure-poor r1s1ngvbackground (see Fjgure 22).
.bHydrogenation, however,‘may‘1ump many Ot them togetherwto one and
the'same saturated product This,-indeed was'observed (Figure 2?)fi
n-ATky]benienes with n = 2y 7 were 1dent1f1ed yields deter-
'm1ned and for the other compounds, ment1oned in Figure 23, upper
yield 11m1ts estab11shed (see T. H. L1n, Ph D. Thesis, Un1vers1ty -;3
of California, Berke]ey, 1969) ’

‘e) Routine Yie]d'Determjnationﬂin/the Unhydrogenated Sample

A simple method' had to_be estab1ished which would give,

fairly reproducibly and qutckTy, yier:data.. The simplest would
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-Injection

TIME (Min.) | |
Teme 250° — 250° «—— A 10° / min. " 80° ’
XBL 683-4119
- ‘ + N . . ' .
F1gure-2 Typ1ca1 g]c ana]ys1s of a hydrogenated ]4C'-1on bom-

barded benzene samp]e (energy 5 KeV). Heavy, Jagged'1ine = propor—v'

tional counter signa]- Tight line = therma] conduct1v1ty ce]]

}>1gnar—from samp]e—benzene—and_the_hydrogenat1on_products_of

f”carr1ersadded prior to hydrogenation. Dotted lines = approx1mate
retent1on times of compounds which were sought, 1n separate ana]yses
- for mechan1st1c reasons (Tz-Hong Lin, Ph.D. Thes1s Un1vers1ty of .
California, Berke]ey, ]969) but wh1ch were not co- 1nJected w1th

v th1s samp1e
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have been to integrate the output of the proportional tube over the
peak'area and.correCt forfreéidence'time_and efficiency. 'However,
a few trial runs showed severe difficulties of reproducing data,
and: Targe changes in the efficiency. -This is probably due to the
high temperature atrwhich the proportiona1'couhter.tube has'to be
képt to prevent condenSation" This 'high temperature has an adverse _
effect upon the "length" of the p]ateao, makingvtﬁe output rather
sensitive to minor’changes Of?the counting gas'mixtUre{
| ‘The following method proved faSt and_re]atively reliable (used
for the yie]d'data in Figures 24-28): After the'benzeneZWas melted
the tota] volume was determined by drawing the liquid into a 500 u]'d
syr1nge and return1ng it aga1n 1nto the v1a1 "An a11quot, usua}]y
10 u], was then withdrawn and counted 1n "To]uene"-Scint111ation ._
solution (4 5 gr PPO, 0.1 g POPOP per 11ter to]uene) in a'scinti1Ta:
- tion counter. Using the a11quot factor the “total recovered act1v1ty
could be determined. Th1s f1gure usually agreed within 10515% with -
thev"total incorporated’activity" as -determined by targetvCUrrent |
integration. The "yields", below, however, refer to "total re-
covered activity". o |

In most cases, 10-20 u] a11quots were .then mixed w1th a solu-
| t1on of the carriers (each 0.2 to 0.5 mg) and 1nJected on the GLC.
column. A glass cap11]ary was tightly connected to the ex1t port :
of the column (via a puncturedvrubber.Septum fitted into this port)f?
and theieffluent of the co]dmn oubbled.into a standard (12 ml) scin;
t111at1on count1ng vial filled w1th the sc1nt111at1on so1ut1on The'

v1a1s were changed in accordance w1th the appearance of peaks from
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‘the thermal conductivity detection of the carriers. The glass

' capi]]ary was changed and possible condensation. flushed into the

same counting vial after each ‘trapping. Checks wifh a standard
]4C-to1ueneisample (Cdlumn injection of 10 ul = 1.23 x 103 dpm)
showed that the tota]"activity tnapped in theVCOUntTng'via1 agreed

within'i_5% with that of a directly transfefred‘TO_u1 amount.

'Figures 24-28 show the yield data for the.main prodncts;

By the above method it was also bossible to getea gross analy- -

sis of the sample: not only the identified products were trapped

,nbut e]so whatever;emerged between them, and what emekged; for 1 hr, "

after the'lasf compound (phenylcycloheptatriene). Under the

- aééuﬁption that by then most of the volatile activity had been

transported through the Co]umn and that the non-volatile prodUcts

‘could not leave the beginning of'the-cblumn, the'usua11y-hollow}

"injector" tube (between the point of injection and the beginning

of the actuaT'GLC column) was filled, prior to injection, with

' co]umn'fi]iing material. This tube was removed, by.briefly dis-

| " connecting the column, when the last peakv(pheny]eyc1Qheptatriene)

had emerged. Ifs cqntent was added to a counting vial and vigor-

ously shaken with toluene-scintillator solution. This amount of

" activity is a good measure of.tne total amount of polymer formed

. 14

" TinTthe hot-atom chemistry-of-the-fast--C-ions and_atoms. _Table = -

VII shows sueh an activity accounting.' Table VIII compares the

main groupings of activity for an original and a hydrogenated samp]ef

The lower activity in the injector in the hydrogenated sample 1ndi¥,7

cates a higher degree of stability after hydrogenation (as expected,
- above). ‘ | '
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" Table VII

]4C Act1v1ty D1str1but1on Observed in g]pc Co]umns
_'Area trapped from glg; % of tota] activity injected
Pre-benzene | B 0.4
~ Benzene : :- - 3.8
Benzene to toluene - | ‘ 0.8
Toluene . o 1.8
oHT | 4.3
CHT to pheny]acety]ene | 3.2
Phenylacetylene ‘ b{ - 2.2
Phenylacetylene to U-2 | 0.6
5u-% :  ' ' o ::'_ 2.7
U-2 to biphenyl ' : : 8.0
Biphenyl - v].5
Dipheny]methéne. : o 2E5v
Phenyl-CHT | E 6.4
Emerging from glpc during .
succeeding hr (at 250°) - 7.0
Remaining in injector fi]Ting : 37.4

Total: - . 82.6
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Table VIII

14

_Act%vitx_Fouhd

In:GLC injéctor

“ In idehtified‘compounés

~ Between identified

compounds
Emerging during one
hour fb]]owing last

identified compound

- Distribytion of Radioactivity in

C-Bombarded Benzene Target

Percentage of Total Activity
Injected on GLC

Non¥hydrogEhated ‘Hydrogenated
37 ' 16
25 30
5 ? _ -
7 14
. 82 - cL . - ) P .~ 83
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The above method yields good yield data if the,pkoduct5>are
sepafated“and the,"backgrouhQ" contéminafion is negligible. If
these conditions ére_not fu]fi]]ed the apparent yie1ds will be
dependent on' the general éonditions of the ChrOmétogram.‘ The
yield data of FiQUres 24-28‘were éccumuJated over a 1oﬁg period
of timé during which nbt ohly.the usedUC61Umn changed its berfor-
mance, but also different columns were used (a]thqugh all of these
were CW 20M and in make-up nominally "identical" with one another)
and occasidna]iy different programs (upber tehpéféture 1imifs be;
fweeh 200° and 250°). . Each enfryfrepresents one irradiation. A B
singie dot indicates oh]y ohe'yie1d.determination.‘ Véktica] bars C
:indiéate the range of "yié]ds" when hbre than one chromatogkaphic
analysis Was performed on one and'thevsahé irradiafion sample

‘(SOmetfmés up to four or fivé);v In'general, the variations are
]arge'but not 1argervthén betWeenlirradiationé, so that the trap-
ping method_éeems commensuréte to the lohg-fime repkoducibi]ify".
of the g]t cb]umn condjtibns. |

In order tb avoidvovér-conéentratiqn_of entries at 4-5 KV

~energy, some poiﬁts are shifted horiionté]ly. In view of the
large "vertical" uncertainties, ¢hi§ seemedvquite acceptable.

The ébscissa va]ues.(kinetic ehergy of the‘cérbon-ion) are un-
corrected, i.e. they are the differencé“(in eV) between the po-
tential of the.aré anode and thevliquid nitrogen coo]edvtargetf :
A11.corfections, howeyer,_wou1d decreasé thé true ion energy:.
True beam energy (Chapte;,II, 5), 1 to -Ziev; finite berveéhce :

in neutralization of the benzene target (Chapter II, 8), -4 to -7 eV.
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The gross ana]ys1s shows that 1n th1s method we: are ab]e to

'account for ca. 80-85% of the act1v1ty 1n the simp]e The dlf-
‘ference to 100% is due to exper1menta] errors, vo]at1Te compbunds

(wh1ch are lost in this procedure and wh1ch _may total 5- 10/]2’117);

-v!and incomplete act1v1ty1recoveny (__g some act1v1ty may be per-
_manent]y depos1ted in thevco1umn). The act1v1ty recovered imme-
' d1ate]y after irradiation is, within the exper1menta] error of
ca. 10%, equ1va1ent to the 1rrad1at1on time 1ntegra1 over the
beam current. |
With only a minority,'i e. 25-30%, of the incorporated acti-
,bv1ty accounted for in 1dent1f1ed compounds, it is 1mposs1b1e to
'de]1neate the chemlcal fate of fast carbon ions in’ benzene One -
, at best attempt to set up, 1nvest1gate, and perhaps sub-
"stant1ate particular mechan1sms for these part1cu]ar 1dent1f1ed
products {
- As attent1on is be1ng turned to the Tower-yield products more
sens1t1ve_methods for identification and yield determination are
~ required (see T. H. Lin, Ph.D. Thesis, University of California,
Berke]ey; 196?). More accurate yie]d#energy data may be required
by,;or'stimulete, more detailed theoretical work.

_f) Miscellaneous_Irradiations

1) ]4C-atom'irhadiations; T4C+-ion beams-Qf 500,. 1500, andﬁf

' R el . . ' .
- 5000 eV energy were neutralized with approximately 30% yield as

described in Chapter II, 4.. The remaining ion beam was deflected

e}ectrostétically upon-a“second benzene target. ‘The ion and atom
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beam were we11 defined and the activity incorporated fnfo_each of

the two targets was in close agreement with tﬁe intensity'ihtegra—
tion. Both samples were analyzed separately. The yield}data are
'ehtered.in Figure3'24-28 as "atoms". There is no significant change -
in comparison with the "1on" y1e1ds, support1ng the notion that, at
least above 500 eV, the react1ng species is 1ndependent of the |

initial charge state and is, most 11ke]y, atom1c carbon.

- 2)v§pread-beam 1rradiations. In "normal" (high energy)

‘ _irradia;ions_fhe'fon beam was focused into a ca. 0.4 cm2 area. In
order to investigate whetherva‘"radiation damage" in the sense of
Cﬁapter I, 2 exists, the beam flux density at the target was decreased
by roughly a factor 10 by overe and underfocusing at the two cy]inder
]enses.‘ Yield data are entered in Figures 24-28 as "Spread beam". -
Again, no‘significant'change js observed. However, the spreading
»factorlmay'not be Tlarge enough,vand it js possible that the ratio

* of ions to benzene mo]ecu]es may have actua]1y been'ihcreaSed at thee
fringes of benzene depos1t1on, thus cance11ng the effect of a de- :
creased rat1osat}thevcenter of deposition (compare Chapter I 2).

14 .~+ '12 +

3) '"c0" and irradiations These eXperiments were

d1scussed in Chapter II, 9 in connect1on w1th the "U 2 prob]em ]4CQ+

12,4

beams were ava11ab]e w1th ca. 15 pA intensity, °C beams with the j

usua] 1-2 yA intensity. -

4) Irradiations at -156°. The. experiments are also dis-

cussed in Chapter II, 9 ("y-2" prob]em).

5) Irradiation of toluene. ~ The main purpose of 1rrad1at1ng

toluene was to confirm mecnanisms postu]ated for products from
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irradiations of ‘benzene (see below). | The CHZ-insertion products
ethy]benzene xy]enes, and methyl cyc]oheptatr1enes were identified
in the 1rrad1at1on of to]uene, also styrene and pheny]acety]ene, as’

expected from carbon hot-atom chem1stry in a1kanes and a]kenes.

%

1

4. - Interpretat1on of the Yield- Energy Data

In this chapter an attempt is made to 1nterpret the y1e1d data -
- tof:Fjgures 24—28, In Chapter,III, 1d an:aocount was given of‘tne
;n'eonsiderattons.pertaining to the questi0n=of the:electronicvstate
of the caroon atom or ion in tne'benzéne target. It was cont]uded |
-that, whi]e;at energiesvabove_ZOO eV tne'preraj]fng species is

1p, 1s) there is an increasing possibility of carbon

atomic (3p,
ions'participating and determining the course of reactions at 1ower.
energ1es | In.the same chapter it was aTso'pointed out that col]i--};
sions take place between essent1a11y free atoms 1f the energy is

.;;”;;skezo eV--or-more ______sm,;.n,-,_mme_‘ ————— o

In Append1x ¢ it is demonstrated that on the bas1s of c]ass1ca1
E mechan1cs of binary collisions even above th1s energy Timit (20 eV),
|

chem1ca1 bonds may be formed wh1ch ari suff1c1ent1y long-lived to ji.”]

v surv1ve unt11 stab111zat1on occurs through suosequent c0111s1ons or
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reactions. However, this seems to be Timited‘tO'smé]1 molecu]eé"A
| only. In cdntrast, gdmp]ex'formatidn with the large target mole-
qu]e as a whole can succeed only at energies in the order of bond
enefgies. The question as to thé va]idfty of the aSsumption of
binary'pollisionsv(at,véry low energies) in such a dense‘target,
and also the;questfon concerning the actué] freeness of the assumed
fast intermediates CH2 and'Cé, remain basica11y open and are valid
criticisms. ‘ | | |

-We confine odrse]vesg.therefore, to the high energy range; |
510 eV, where these assumptions are fulfilled probably better than :
anywhere else. Thé calculations of the.colTision:functions and
‘yie]d-energy curVés_for pick-up products“(see Appendix B) very
basica]]y hinge Oh these‘aséumptions.

.By'what dynamicg, or even just‘how pkobab]y a paktfcu]ar’pick-Qp'
occurs, is vefy difficult to pfedict. That fhé enérgy of réaction .
is bf importance is intd%tivély correct: . A very exothérmic:reaction
requires efficient energy diésipétion away'from the newly formed
bond; The morezposjtivé'uA (Appendix D) the sma]Ter the chénCé fova
v$Urviva1. Very 1argé éndothermic reactiéns, 6n the other hand, |
Wh1Ch_are often excluded-from thermal chehistry, may be more im-
portant in thiS'hot-atdm chémigtry becauSe of the 1ar§e relative
kinetic enefgy'avai1éb1e to the éo]]iding.mo]ecu]es. This is on]y_f 
frde for Iarge.Eositivevor négativeya]Ues:AH, because at lowerfAH'};
tﬁé.energy barrier of the reaction wi]]ldetermine the course of _ff

~ reaction.
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At present, a lot of detailed information is coming fromitrossed;
beaw work on very specific atomic ah& jonic systems;3~thj1e they
exhibit occasionally some|5eautifu1 sjmpfieity ot'interpretatioh, it |
iS_stili very'difficult to genefa]ize*from:there tb other chemfcaT |

systems McGowan et al. ]]9

e.g. find that in charge transfer react1ons
between Ar and N2 at therma] energ1es, the endotherm1c reaction. cross
sect1on is 20- fo]d sma]]eL than the exotherm1c react1on in the same, _
- however, e]ectron1ca11y and v1brat1ona11y exc1ted, system., It 1s un—-"
- known, however under whi ch cond1t1ons th1s f1nd1ng can be genera]1zed
SO that possible reaction pathways could be excluded, for instance,

on the bas1s of whether the entha]py of react1on is pos1t1ve or
negat1ve. _ | ‘ |

| In face of.the extreme comp]ékity of our 1hvestigated'system,
3 we have to, in interpretihg-our results, make a teW'c]earTy defined
‘ as;umptions (Appendix B) wh1ch are Just1f1ed by a var1ety of reasons:
Simi]arity with other systems p]aus1b111ty, s1mp]1c1ty, mathematlcal
tractab111ty, etc If the conclusions, drawn from these asSumptions;;'
agree w1th the exper1menta1 resu]ts, it is taken as stimulus for
more clarification rather than as a proof,of the'assumpt1ons. |

_ Next to.the.changes of the electronic make-up of:the fast car-.ﬁ
'bon'ion?]thé simplest ehemica] reactions are the pitkéup of other :
atomseltn particu]ar hydrbgen to form CH and in'eubsequent similar

) stéﬁé*éhéﬁ ngj“Etéf‘”sﬁéh“teattions~COu+dwwe14wphObEednviaea str1p-;v

ping"'medhanism.3 Heavier atoms or even molecule fragments may a]so.:

be “picked~up". However, the heavier the picked-up part becomes, the .
. more questionable becomes the term stripping. - Finally, the carbon e

|
! B

E
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may form an'"édduct“ with a target mo]etule, and fragmentatibn may
be incomp]ete€or not occur at‘all.

Appendix C contains:the mathematical defai]s for the'cTassica]
mechanical derivation that hydrogen atoms nay be picked—up‘by a
_ carbon atom at k1net1c energ1es as high as 50 eV because the amount
of internal energy appear1ng in the CH mo]ecu]e after format1on |
may be on]y a small fraction of the k1net1c energy As- the mass of"
the p1cked-up part increases, this fraction also increases so that |
| the upper energy limit at.Which such pick-up could occur decreases
(C2 formatfon):. Finally, in the formation of adducts, almost all of
the k1net1c energy is converted 1nto internal energy. |

The sharp]y decreasing’ y1e1ds of toluene, cycloheptatr1ene, and
' pheny]acety]ene as the k1net1c energy of the carbon ion decreases
below 100 eV are, therefore, qua]1tat1ve1y 1nterpreted as being
~ due to a decreas1ng contribution from high-energy pick-up reactions -
to the final formatidn of these compounde. In contrast, the essen-
tié]ly constant yields of benzene, bipheny] d1pheny1methane, and
pheny]cycloheptatr1ene 1nd1cate that these products are formed in
low-energy react1ons, i.e. vma 1n1t1a1 formation of relatively
stable “adducts", and §ubsequent rearrangement or funther bi-
molecnlar reaetions. A condensed representation df.the possible

reaction steps in different energy ranges_is given in Figure 29.

a) Toluene and Cycloheptatriene

"In agreement with previous postulates (see Chapter III, 2b),

we assume that toluene and cyc]oheptatriene‘are formed from C_H2 in
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Figure 29. Scheme of reactions of energetic carbon atoms and

final—product_foxmation_jG_Qenzene, for principal enefgy ranges.,:_

*Spiro-CHT" is'the spiro[6,6]-1,3,5,8,10,12~tridecahexaene.
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a bimolecular reaction with benzene. in’Figure 29 ere outlined also
routes with CH or CH3 as precursors. These, too, may exhibit qua1i_
tative]y the observed yie]d-energy dependence Quantitatively, |
however, the dependence should be d1fferent, i.e. the decrease |
shou]d be the steeper the more pick-up steps are 1nvo]ved in the
format1on of the precursors Th1s is demonstrated in Appendix B,
“where under very s1mp11ty1ng assumpt1ons for the co]11s1on density

K and the react1on probab111ty rin the Dodson Miller formula for

the y1e1d of any product (react1on probab111ty r),

m1n(EB,E])

y o= 0 )R

.the co11fsion density functions for C, CH, CH2 and‘CHs, and the yie1d_v
versus energy curves for the final products, cyc]ohéptatriene and
to]uene, Were'calculeted. A qualitatively correct curve'shape was -
obtained. However, our results are too inaccurate as yet, as that’
‘a quantitative'analysts could be performed. Assuming for the H

‘pick-up probability an energy dependence of the form

rE) = ‘:T :
one finds that n has to be very sMa1] in order to obtain a value for

E]/2 (the energy at which the yier is 0.5 of the.high-energy yield;
~ see Figure 33 ) as high'as observed for toluene and cycloheptatriene.

The interpretation of this result is that the piCk-up probability is
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- very near]y energy independent, or, because of the def1n1t1on of r
(Chapter III, 2), that the chk up react1on Cross sect1on varies
approx1mate1y as 1/E]/2 .

However, there areftwo'points of great uncertainty: 1) Atv]ow;f
kinettt energiesfit is nothertain/anymeretthat'the'earbon ion has
been=neutra1izea'before'1t undergoes pick-upvreattidns The yie]d'
"'drop could, therefore Just ref]ect the compet1t1on between charge
.exchange and pick-up react1ons-—1f it s assumed that the carbon
1on.does not-undergo the p1ck—up’react1on Wh11e there is no com-
pelling reason for this or a s1m11ar assumpt1on, th1s point must be -
‘borne 1n m1nd.. 2) In the ca]cu]at1ons of Append1x B it was assumed
vi that the eolljs1on funct1on K is 1ndependent:of the.1h1t1a1 energy
ﬁEB;(exeept'that K = O for E > EB) “This-is almost certain1y wrong.

'“P1atzek's]]

ca]cu]at1ons of K assum1ng hard- Sphere 1sotrop1c
scattering 1n b1na“y c0111s1on between atoms of d1fferent masses,
show that near EB’ K can. be muchisma11er than the va]ue extrapo]ated

from the ]ow energy, asymptot1c branch of K. (In Append1x B only

. this. asymptot1c solution, wh1ch is 1ndependent of EB’ had been used. )

If K shows a s1m11ar behav1or 1n the system under study, some of

: the . apparent y1e1d decrease is due to a decrease of. K over the

range in which p1ck—up can occur. (Whether this changes the "ha]f—
pOtntﬁvya1ue and thus n is net.certain.) This decrease of K with
decreasihg'EB-may,_and mest certainly does, beCOme effective al-
ready where Eg is still well above the upper ehergy limit of the
pick-up reactions. One ean,'therefore;'net'cenclude'that,this 1imi£€'

~coincides with the energy value at which the yield begins to decrease.'v
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This discussion of the results points out the grave,]imitations
that this experimental method is subjected to. As long as K is not |
known sufficient1y aécurateTy, even avqualitative'eva1uation of r
seems out 6fvfhe question. It permits only re]dfi?e‘héasurement§
and, if the accuracy»in the yield versus énergy measurement is im-
proved, it may be pOSSible to defefmine, g;g, whether the same
manifoldvbf precursQrs bélongs to toluene and cycloheptatriene.

As of now, the data indicate that if there were other precursors
besides CH,, it would be CHy for-T, raﬁhér than - CH for CHT  |
(Appendix B). | | h

Tt s genefa]]y assumed that toluene arises from C-H bdnd in-
sertioh,.cyc]bheptéfriene from a C=Cvbond'insertionvreactiona
Partial degrédatioh results (see Figure.SO) support fhis.hypothesis
well for toluene (86% 1abeling of fhe[methy] carbdn), not well for
'cycloheptatriehe;. HOwever;‘if has been aSsumed,_8 cokroborated by
~ many other pertinent‘observations (see Chapter IV, 4), that.thé
deviations ére dqe to intra-mo]etu]%r fsomerization immediately
following the formation (see ngure§31); High energy in the-initiéT
co]lision comp]éx may account.for some isomerizafion to to]uene;120-  
A mechanism involving CH iquuite;analdgous, except that_thé iso- ?

merjzatidn is interrupted by a hydrogen abstraction.

b) Phenylacetylene

Similar difficulties in ihterpreting the. yield versus energy 
curve arise for pheny]a?ety]ene. Again, it is fairly certéin that

a high-energy pick-up_reaction contributes to the production of
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Figure 30.  Results of partial aegradations:of the six major
" products from a 5 KeV ]4C+-idn bombardment of solid benzene

R - -
(qqcording to L1'n]28

and Pohlit et al.8).
- |
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~ Figure 31. Proposed reaction scheme of CH2 in benzene, isomeri-
zation of the intermediates, and final, partially isomerized

* products (toluene and cycloheptatriene). - S
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) pheny]acety]ene but 1tl1s‘d1ff1fu1t to ascerta1n whether this.
re;ct1on is due to a str1pp1ng mechan1sm and Just how Iarge the
upper energy limit for th1s_react1on is. The precursor.1s very

likely a C H-, with x = 0, l; or 2. Appendfx C, 'Figure 35, points__;

27X
out the s1m11ar1t1es from a classical- mechan1ca1 po1nt of view
~between H- and C p1ck up. | The part1a1 degradat1on of pheny]acety— )
lene supports th1s hypothes1s, s1nce 96% of the act1v1ty is found
in the‘acetylene rest. The extens1ve scrambling of act1v1tyfover e
the o~ andVB-earbon (ratio 2:1) is interpreted as anvindication
that . some of ‘the C H -precursors have ‘been a free ent1ty before
vundergo1ng the. subst1tut1on react1on at benzene

" In Append1x B the y1e]d versus energy curve is. ca1cu1ated
.for pheny]acety]ene by the same procedure as for to]uene and -
cyc]oheptatriene, 'The same reservations, howeuer, abb]y_here
aﬁso{r o | ) |

The aboVe formation of CZH’-fraéments may also be a mechanism d;

1ead1ng to acety]ene wh1ch is usually the most abundant and most |
frequent product in carbon hot-atom chem1stry in hydrocarbons 12, ]04
The y1e]d of acetylene as a funct1on of energy was not determ1ned

99

by us Rose et al. Proposed a 1ow energy mechan1sm for the for- o

T
mat1on of acety]ene (C- H bond 1nsert1on by a carbon: atom and

'_subsequent breakage of the neighboring carbon carbon bond or, de-"
:pend1ng on the 'spin state, rearrangement to the: unsaturated adduct) ff
This mechan1sm was also based on resu]ts from doub]e ]abe11ng ex-

106 121

per1ments, which showed that in most cases both of the -
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hydrogens-in acetylene driginated from the same target molecule.
Our high energy meghanish need not}be in contradiction to this,
since two hydrogehs and the earbon may be stripped simquaneous]y

(see Appendix D, AH = 35 Kcal/mole for this process).

c) Benzene, Biphenyl, Dipheny]methene, ahd’Phenylgyc]dhepta_
From the independence of the yield of these products from

the beam energy down to 3 eV, one concludes that in this case pre- ,:
cureor'ahd product formation take place below 3 eV. For diphenyl-
methane and phenyleyclqheptatriehe, the empirﬁcal fofmu]a (C]3H]2) ”;
suggest§ thef'a carbon atom forms ‘an "adducf“ with one benzene -
mo]chTe, possibly with the conformation of carbenes (see Figure 32)‘
‘which finally undergo another'“insektion" reaction with a»eecqnd
‘benzene md]ecule; Partial‘degradation resu]ts.(see Figure 30)
make a benzylidene the most‘Tikely precﬁrsor for dipheny]methane, =
while both benzylidene and'cycloheptatrieny]idene may contribute
to the formation of pheny]cycloheptatriene. .It is interesting to,
note a eimi]ar1y high‘degree of label isomerization_ih the cyclo-
heptatriene part of pheny]cycloheptatfiene, as in cyc]oheptatriene' £
itself (see_Chaptef IV, 3, 4). The deViatiOns'from the expected
]abe]ing pattefnflloo% fn the a-carbon of diphenylmethane, 100% in
fhe 7-carbon of phenylcycloheptatriene) are therefore,bagain
assumed8 to be due to intramolecular 1somerfzation (vie hydrogen

shifts) of the carbene cycloheptatrienylidene.
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- 'Figure 32. 'PrOposed reaction scheme of carbon atoms in benzene,
_isomerization of intermediates, and formation of the stable,.

partia]]yvisomeniZéd'end products.; o ":' : f-
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No reasonable mechanism has been advanced as yet for the forma-
tioniof_benzene and biphenyl. _Frdm‘the presentndata one can conclude
_on]y‘tEat only low-energy reactions can account for their formation,
'lputting an end to specu1atf0n about a possible high-energy "billard-
ball" %ype'of replacement reaction (see'Chapfer IIi, 2). One has
to expecf that atomic carbon is at Teast as reactive as-CHZ:; which.
is khewn'to react réadi]y with benzene even after thermalization.
',With just enough ehergy,'so tﬁat“the iﬁitfa] adduct formation be-
tween carbon and benzene is reVersible, but.not too mueh energy,
so that this adduct is sufficiently Tong-lived fo undergo intfe-
molecular rearrangement—-fhis is host likely the mechanism 1eadfng

to benzene. If in the adduct dissociation a 12

CH is ejected, the
- product js a ]4C-pheny1'redica1 which might form bipheny] upen a
Vsecond reaction step with benzene; Thie mechanism appeals main]y
_becaqse,it geneha]iies the reaction mechahism postu1ated fer di-
phehy]meehane and pheny]cye]oheptetrfene‘(see-Figure 32);' The
label distribution ih biphenyl indicetes the degree of 1someriza¥

tion before the presumed phenyl radical formation, and possibly

also after it ynt11 it is trepped by another benzene molecule,
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IV. DEGRADATION OF 1,3;5-CYCLOHEPTATRIENE- C

'1. Introduction
|

As part of the degradat1ve 1nvest1gat1ons ‘of the products, a
part1a] degradat1on of 1,3,5- cyc]oheptatr1ene was carried out. A
comp]ete degradation was attempted; however, a practicable schemé_'
cou]d not be estab]1shed _‘ _‘ |
Cyc]oheptatr1ene (CHT) was first:prepared by R. Willstdtter .

122

(1898). and first found as product of the hot-atom chem1stry of

C in benzene by Mul]en and Lemmon in th1s 1aboratory,41n ]960 14, ]23

124

':'The chem1stry of CHT was rev1ewed last by F. Santavy in 1953,

To our knowledge only one (part1a1) degradation of CHT has

been performed prev1ous1y.]25’

A comp]ete_degradation, therefore?
required the testing of a number.ot'possiblé procedures. The =
fo]]ow1ng summarizes th1s | o

The same reasons that make CHT an 1nterest1ng obJect of studies -
of‘mo]ecular dynamics make it also difficult to handle chemically:
the Qenera] Tability of'cdnjugated trténes, the ease of formation-
of tHe.symmetric troby]ium‘ion, the ease of 1ntfamd1ecu1ar hydrogend: |
shifts, and’thé tendency tdyreact in different tautomerictforms -
toward different reactants (particularly as ndrcarédiehe).

lTo achiéve the degradation df CHT_requifes,_therefore; not
on]y;the estdb]iéhment of the optimum éonditibns for a degradation
proceduré and its app]icationtoazradioaétiye sample, but also the

elucidation of the mechanisms involved in the degradation
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'reactions Re]at1ve1y 11tt1e is known of the bas1c chem1stry of
the 'unsubstituted CHT, and less of the mechanisms. |

An example for. th1s s1tuat1on is its SeO2 ox1dat1on product
'tropone As 1is well known SeO2 oxidizes the methy]ene vicinal |

126 One would, therefore expect

to .a doub]e bond or pheny] r1ng
in the case of CHT that the correspondence between carbons in

reactants and products are as 1nd1cated

Sel

However:(as described'later); it turns-out that ali carbons are'
_random1zed pr1or to the format1on of propone thus, thiS‘possib1e.
degradat1on route had to be abandoned |

| Bes1des mechan1st1c un1queness, a degradat1on scheme must
a]so keep some ba]ance between the 1nformat1on wh1ch it eventua]]yv
prov1des and- the time and 1abor 1nvo]ved in its realization. - Some

procedures were eventually abandoned,. or- new proposa]s d1sm1ssed

because of ‘this Tatter po1nt

f
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2. Degradation Attembts

a)'Degradation via the Diels-Alder Adduct with Dimethyl Acetylene-

‘dicarboxylate

"The f1rst and only previous attempt to degrade cyc]oheptatr1ene
125

was made by Juppe and WOlf
127

in 1961, who ut111zed the fo]]ow1ng :

scheme:

COOCH,
| 5 COOCH,
I . . C ]506 4 '
-l s 0
s C 3
| 2 COOCH
COOCH
Ia I I1la
L -7
KMnO4
' > 5 ;o (4%) (2)
1 80°, pH 8.0
| | o : 5 2
I SR - HOOC =~ COOH
'[ I11 R . A

“This partial degradat1on was sufficient for the so]ut1on of
'the1r prob]em, as they needed to decide only between random1zed
and spec1f1c labeling. Although A]der and Jacobs]27 report y1e1ds

of 56% of IV by rea¢t1on.(2), Juppe and WOlf (and we also;
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obfained only 4%. This was felt to be prohibitiveTy Tow for a con-
t1nuat1on of the degradat1on since the overa]] y1e]d of IV is |

Von]y 27 and the chem1stry of IV is not known vehy well. In
'_add1t1on even a poss1b1e r1ng open1ng (3),_f0110wed by a Schm1dt-_:
_ degradat1on would have 1ed to the same problems of . hand11ng, |

count1ng, and,further degrad1ng of the propane dlam1ne, as des-

.
_cr1bed elsewhere. 128 o
7 : 7
. , , N P 1 3y
6_“ ] o T 5 BV o
5 2. b ~ HOOC ~ COOH
- HOOC - COOH .= o R S
g | T A B
6 Y - Nally HN—CH,—CH, —CH,—NH,
. | AR A A S S
5 2 Y | | o
HOOC . COOH 2T ’ e - -
. 2,5 . o
N , . 4+ 200

A

|

A mucn more . convenlent part1a1 degradat1on was ach1eved by
127 o

' .ut111z1ng the therma] decompos1t1on of IITa to V:
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Yields forlv; including purifjcqtion,=Wére appkoXimaté]y.BO%.

Innarder to test the.va1idify of this degfadation scheme,.the
following points had td be considered: i) isomeriiatiOn of CHT
(I) before it undergoe$ the Diels-Alder reaction (1),]29 'ii) iso-
merization of CHT during (1) so that the cdrrespbndence of
v positiéns between I and Illa i# b]urrEd,u iii) IIla is the on1y ‘
source for V;'and iv) carbon.skeleton ¢orre$pondencé betWeen
V and Illa. |

By choosing most favorab]e:experimenta]vconditidns (g;g¥; up
to 5-fold excess of II 1n:(1), and no soivént,'in order to decrease
the residence time of CHT at the reaction temperature 1eve1,'150°);
it was possible to'establish that thé,above pofnts are‘Of no, or
_on]y minor, importance. | _ |

In order to show this;,cyc]oheptatriene-7—]4c was synthesized

by'a'féther new method:]30?13]

. reflux
CH N, + CoHy ———>

: , yield 80% (5)
CuBr o '

122 -

which was found to be far superior to the phqtolytic method:

CH,N, + CH., ———m—>
22 s T

14 O, yield 20 (6)
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]32‘and'Roth]33p

both in‘yie]d as we11 aS'specificity Doering et al.

-observed ¢hat'1n the’ photo]y51s of CD N2 in benzene the product

CHT was extens1ve1y 1abe]ed in the 1 and 6 pos1t1ons, apparent]y

.‘due to 1,2- hydrogen (deuter1um) sh1fts However, cyc]oheptatr1ene-d2

_.vaccord1ng to- (6) appeared specifically 7- 1abe1ed ]34
: When glc pur1f1ed cyc]oheptatr1ene—]4c prepared accord1ng to.

(5), was subjected to,the degradation procedure.kl) and (4), 2.5%

of the molar specific activity_of I and I11a were found in V. This

small 1abe]-fsomer12ation is believed to have:occurredldurfng'syn-

'thesis:(é),>s1nce a doubiy purified‘sahpié of the same batch of

' cycloheptatriene revealed on1y~3%-actiyity in-V’(see»Tab]e IX),

"rather than the 5%, expected‘if the71xomerization'had been‘caUSed

by excessive heatlng or other processes in the gas chromatograph

vThat therma] 1somer1zat1on during the D1e]s A]der reaction also

- could not,account for the-2.5% 1abe11ng was shown by subjecting

cyc']oheptatm’ene-]4

C to the conditions of this reaction (150°, 6
hrs), without the presence of-the’dienophi]e iI' before degrading
it as above. (The poss1b111ty that the d1enoph11e cata]yzed the
1somer1zat1on is not exc]uded of course ) The labeling 1n V was
now 3. 9/ Assum1ng a f1rst order decrease of I, because of the
large excess of II, and ca 94A comp]et1on, i.e. 4 half- 11ves for

I, in 6 hrs, the average, f1fet1me of a cyc1oheptatr1ene molecule in-

the reaction mixture (1) is

6k+1)]
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Table IX

SpécifiCjAétivity x"10'8 mo]e/dpm3) o

Sample o CHT Adduct Phthalate
| ' B IIla or IX v
'A) Synthesis - I 11.61) 116 .294
- (catalytic) o : | ' .292
________ o ThOO%_2100%__=2.5%
) Yc-CHT(A) after 8 hrs 1.6 1.5 457
at 150° o - .449
S =100%________ =100%_____=3.9%___
- C) Re¥chromatography of 2 samples “11.6 , “--2)_ ,33Tg
' of ]4C-CHT_recovered from a - N6 ) - .347
reaction mixture (tropone for- ' '
mation) in order to check on _ _
isomerization during this =100% - =2.85%
_oreaction . =2.99%. _
D) '4-CHT from irradiation #5, 1.61 1.52 732
Inj. 220°, Col. 75°, 1.61 1.54 742
Det. 250° - - 160
__________________ e SM05% =l007 =48.33%)
' 14 : » T - 2) L
E).7-""C-CHT, re-chromatographed: 11.6 - 2.34
Col. 75°, Inj. 250°, o 2,24
_____ Det. 250° ool 100 =20%
F) Re-chromatography of-a sanple of ~ 11.6% v__2) : .290

© 97.5% labeled 7-13C-CHT: . Inj.
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Téh]e IX_(cbntihued)

_ Spec1f1c Act1v1ty x 107 -8 mo]e/dpm3)
Sample , © CHT Adduct , ‘Phthalate
’ L - B JIla or IX v ’
14, L 2) | L
G) ' TC-CHT from.irradiation #16: C-- 2.52 1.09
~ Inf. 150°, Det. 150°} - 2.39° 1.12
Col. 75° - 2.39 o
o | 2.52
f*z) =45;0%

=100%

!

])Averageiof~Ca,ﬁlofdétéhminations7

o Z)Not determined o

3)The accuracy of the va]ues Tisted in th1s table is placed through

experience at + 2% or 1ess

.'_4)The d1fference of about 34 between th1s va1ue ‘and- the correspond1ng

from G) is, within the 11m1ts of exper1menta1 error due to the

same progress in 1somer1zat1on of CHT measured in un1ts of k

”t, as that of E) 129

“The corrected value of D) -and that of G)

are therefore equa]'ijhin the experimental error 11m1ts.
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whefe 0.06 = e k-6, j.e. k = 0.462, so that t = 0.613 hrs, j;g,
aﬁproximate]y one tenth of the total reaction:time; Thé increase
of_]abé]ingvin ) shou]d,}therefore, be bn]y ca. 0.15% (1710 of
3.9 - 2;5%). " Thus, the 2.5% label isomerization canndt haVe oc~-

curked‘during_reaction (1).

1) Isomers of IIla. Alder and Jac05§]27 believed that
cy;]ohébtatriéne undergoes reaction (T)vpredominantiy in its tauto-
meric_ﬁércarédiene form, Ia. Thére is no mention.of ahy adductv:
isomers. Howeyér, a more Carefu] glc ahajysis of a similar reaction

mixture (7) by Milvitzkaya and P]ate]35
0 0
N i

h ¢
H H CH

. CHZ. | o S
-  >> * g\ —> || <] + + - (7)

0 | o
J v VII v

yie]ded.the.adducts VII and VIIIrbesidesvthe expectéd VI. The same |
was found by us the reaction (1). Besides adduct IlIa there.

appeafed anvadduct; prbbab]y with the stkucfure (I1X):

'COOCH3

COOCH

S IX
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- The yjers were‘approximately 50%‘(1115) and 30%h(iX);‘ Attempts
* to separate the isomers b} vacuum diSti]]ationhfaiﬁed.‘ Thin-
layer chromatography (2.50 u silica gel, petro]eum etheriethyTu
ether (33]),-deve10pment 1n Ié vapor) WasvsuccessfulfandjOpened

‘the way for large scale separation by-co]umn"chromatography' How-

"h 'ever, for small’ amounts, glc gave two well separated peaks

Ident1ca1 micro- ana]yses and spec1f1c act1v1t1es, when prepared o

]4C proved the 1somery of the two peaks

vfrom cyc]oheptatr1ene-
u(In fact, IX Was. later used -to determine the spec1f1c act1v1ty of
.the adduct wh11e Illa was used for further degradat1on ) rThe
;f1rst emerg1ng peak could eas11y be 1dent1f1ed as IIla due to 1ts
‘character1st1c cyclopropy] absorpt1on in nmr; th1s was absent in -
~ the second emerg1ng peak ’ | |
The UV spectrum of each of the peaks exh1b1ts a s1ng]e band

at 2450 R with e ~ 4 x 10 (mo]e/]) -l i]

._-Us1ng WOodward S
rules for unsaturated~carboXy1icfacids, one calculates'217:+ 2 x 10 é
(a,é4rihg substituent)‘+ 6 (carbomethoxy substituent) = 243 nm,
in very good agreement with the'experiment The simi]arity of
-'the two absorption spectra corroborates structure IX, for the com-
v pound of the second peak : T | i

IX seems to be therma]]y about as. unstab]e as 111a. However,
it does not decompose to d1methy]phtha1ate Th1s f1nd1ng 1s in
]1ne w1th the genera] rule on the decompos1t1on of 3,6~ br1dged—

" 1,4-cyclohexadienes: Brldges cons1st1ng of an even number decom—

~ pose as a reversed Diels-Alder addition; bridges with an odd
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136 116

number decompose with difficulty and via different routes.
cycloprobane bridge - in IIla iﬁvregarded as -a substituted 2 carbon
bridge.

'Thé second prdduct of reaction (4), cyc]Opropehe; is formed in.

only 1% yie]d.]37

This, together with the difficult chemistry of
this compound;.makes‘thjé_product 1mbractica1‘f0r fufther'degra-
détibq. It was hoped for some time that if addﬁct'iSOmer IX also

.decomposes to diméthy]phthaléte; a further step fn degradatibn

cqu]d be achieved:

r 4,6 coocH,
5
4
3
' IXa . IXb

' However, the mixihg of non-equivé]ent positions, first due to thé
twb_optical isomérs;IXa and IXb, is continﬁed in the'resultant.
dimethylphtha]ate due to its symmetry. The gain in information
wou]d-have been only small even if reaction (8) had worked. “
Dihethyiphtha]ate, according to (4), contains carbons 2 and 3;;ﬂ |
and iheih position equivalents 4 and 5, andvit_was hopéd that thé,AJ;
degradation couid be extended to these pdsition§ of cycloheptatrieﬁé?'
by degrading thisvphthalic'atid.' - | |

| Phtha]it acid was reduced according to Bayer:138



-158

7 (60 -'ao%)» 9)

(10)

Na (Hg)
pH 5
v ,
(Hg)
: pH 8 -
XI
- 139

“Oxidation by'MnO 4/10,

I

no succ1n1c ac1d was obta1ned frofn X%

'vac1d is approx1mate]y 8%.

y !

X would have y1e]ded the]act1v1ty of
N

d1fference from v also that of 2 and

m111tat1ng aga1nst relying on this degradat1on scheme:

herent ease of 1somer1zat1on of X]38
i ’ i |

oxa11c ac1d

of X yielded about 60% oxalic acid while-

The'overail yie1d in‘oxalicti

Wh11e theoret1ca11y, oxa11c ac1d from

carbons 3 and 4 and thus by
5 there were severa] factors
i) the in-

to isomers which cou]d yield

stemm1ng, however, from,other carbons than 3-and 4;

"i1) the inability to measure the amount of isomeric impurities in .

X (co]umn and gas chromatography fa1]ed __g to separate X and XI oo

soff1c1ent]y we]]),l 111) the p0ﬂ51bj

~ oxidation (see below) with the same effect as. 1);

]1ty of isomerization dur1ng

and iv) the manyigé

N tedious'procedureS'invo1ved in obtaining?the specific activity in

th1s one pos1t1on, coupled with the many sources of errors.

procedure was ., therefore, abandoned i

This -

n hope of a more direct degra-fg'

dation. . : ‘ B ! o
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. b) Oxidative Degradations of Cycloheptatriene

| 1) Permanganate oxidatidn."The oxfdation pkoducts in alka- |

line'permanganate should be malonic and oxalic acid according to:

6
5 . S ~ COOH COOH
4 MnO4 = v
7 ' > 7 +
5 pH 11 :
COOH - COOH
1 2,3,4,5

'with the carbon correspondence as indicated. However, in this two—'i
phése reactipn;-at most, 4% malonic acid and 18% oxalic acid were
obtained. The yie]ds.Vafiedvéonsidenab]y, and because of the

_likeliﬁoodgof randomization v%a tropylium ‘ion formation, this route .

was not further'inveétigafed.

} '2) SéOz'oxidation; Tropone was obtained in ca. 40% yield l

by ‘oxidizing CHT with Se0, in dioxane:

6 .
4 - 80°
' 7 + SeO2 ' >
} 90 min
3 , .
o 1
14

Degradation of fropone from 7- C-cyc]oheptatriene aCcording to
~ the following scheme resulted 1n'6/7'1abe1 in the adipjc acid,
1/7 in benzoic acid. The interpretation_ié that in the oxidation

step or prior to it, randomization (probably via tropylium ion



~coos '
"+ § COOH | <—

_ COOH

»format1on) occurs. This degradatioh scheme was theréforernot
. . ) s ' Lo '§<,~

usab]e S _ _ - _ 1
| 3) 020no]¥sis | Ogonolysis was attempted at.-80?-(C02/
acetone) in ethy]acetate : The uptake of 03 was uniform 1n'time;
and quant1tat1ve and partla] ozono]ys1s was therefore a]so at--
vtempted However, in all cases, the y1e1d in malonic acid or

 maleic acid after work- -up W1th H202]40

was 1ess than 5%. vThere'
a]ways seemed to be a 3- 5% yield in cyc]opropane d1carboxy11c
acid, 1nd1cat1ng that some of the cycloheptatr1ene reacted as

~novcarad1ene

c) Reductive Degradation of Cyc]oheptatriene

1) Partial hydrogenation. Partial hydrogenatton of CHT

was attempted in n-pentane over Pd/C, However, only very little

1,3-diene and no 1,4-diene was found. After 17 hrs the major.

')vproduct was cyc]oheptane Apparent]y, catalytic hydrogenation

proceeds, once started, rapidly to the. cyc]oheptene——whlch is of

no use for the degradat1on
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=161~ ‘
2) Reducfion with Na Reduct1on with metalic Na in C2H50H

(or 1:1 methanol/acetic acid) at 5° y1e]ded ca. 30% cyc]oheptad1ene-

1,4 and 25% cyc]oheptene No 1,3-diene was observed. It was very

d1ff1cu1t to. achieve complet1on of the react1on

141

Accord1ng to estab]1shed mechan1sms, the 1,4-diene is the

asymmetric isomer XII with respect to the isotopic- 7-position:

- Na. ; _
7 cszoras“ 7

XI1 o xIr

Even if this 1,4-diene is produced without admixtures from the
symmetric 1,4¥djene,.XIII;'a subsequent oxidatiVe,degradatiOn of

e,

" CHT. ;This makés this procedure very unappealing--not to speak'of

the def1n1te poss1b111ty of 1smner1zat1on dur1ng the oxidative
degradat1on of XII

Reduction of CHT'with Na in 1iquid-ammonﬁa and éxcess ethaho]j
produced only cyc]oheptene wh1ch is almost certa1n1y a m1xture

of isotope-isomers. 142
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3. Partial Degradations'of ]4C-Cyc]oheptatr1ene from 5 KeV Irra-

diations. Experimental Procedures and Results

'The fo]]owin§ are’experimental procedUres pertaining to the

14

partial degradat1on of '"C-CHT according to (1) and (4), and the

check1ng procedures on the va11d1ty of this degradat1on

1) Nitroso-methyl-4c-urea (NMU). 7.81 mg methylamine-

1CoHCT in 1.23 ml of 50% ethano1 (0.50 millicuries) was added to a_
solution of 67 g CHaNH,*HCT and 200°g urea in 275 g H. The mix-
_ ture was ‘refluxed for 3 hrs. After the solution was cooled we
addedv70}g NaNO2 and cooled the solution to -7°. This solution was
* then added slowly, with stirring, to 400 g ice and 67 g H,50,. The .
. resultant ckystals were filtered with suction, and washed with a

11tt1e_ﬁater. Afteer‘days drying in vacuum over NaOH, 76 g of

crystaIS’were obtained. They contained 53% of the,total activity.
ASpecific activity (6{6 mg substance waé dissolved in "Dioxane"
‘fscint111ator solution): 10.78 x 108 dpm/ho1e.

14

CH2N2 and prepgrat1on of CHT- 7—]4

2) Generation of C.

21 g NMU-was added slowly to 50 ml 50% KOH below ca. 250 ml benzene..
- The solution of ]4CH2N2 in benzene was then added very slowly to a :f

]4C was

boiTing suspension of CuBr in'100 ml benZene.' The CHT- _
isolatedzuéing the Prepmaster glc (CW-20 M, 12', 3/4", 300 ml/min

_He), Yield: 3.8 ml, ca. 18% based on NMU.

3) General procedure for Diels-Alder reaction. CHT and

dimethyl acetylenedicarboxylate were mixed; in a ratio of at

‘least 1:3, and heated in a sealed tube at 150° for 6 hrs. The
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adduct was 1so]ated by trapp1ng 1t from glc on 3', 1/4", SE-30

4) Decomposition of IIla to V. Enough of the Diels-Alder

reaction mixture is injected on glc (as above) to trap 3-5 mg of

the adduct, in a capillary, at room temperature. The capillary is

sealed and heated at 270° for 24 hrs. The contents are dissolved
in benzene'ahd injected into the same glc column, and the formed IV

(1-3 mg) trapped for'weighing and counting.

5) Genera] procedure in determ1n1ng specific act1v1t1es

The rad1oact1ve compounds are trapped as they emerge from g]c CHT -

in"a glass cap1]1ary U-trap at -196°, IIla and IX in a straight

g]ass capillary at room temperatUre. In all cases, the.]ehgth of
the capillary is then: reduced to. close to the part containing the

Tiquid. The capiJ]éry'plus contehts are weighed on the micro-

' balance and -the contents flushed w1th counting so]ut1on d1rect1y
into a count1ng vial. After it is c1eaned and dried, the cap1]1ary._ )
is re we1ghed the d1fference taken as the weight of the samp]e

~ The we1ght of the cap11]ary is in the order of 50-150 mg, samples

in the order of_T-S.mg. This procedure was tested on various sub- - '

stances;and it proved to be both accurate and very practi;al.]53

14

6) Degradation of CHT-_"C from irradiation #5 (5 KeV).

CHT- 14¢ was 1so]ated in 7 runs on glc (CH- 20 M, 10", 174", 75°, 40 -

mi/min). Enough carr1er CHT had been added to the Jrrad1at1on

;.14

sample so that each'capfllary trap containedica. 2-3 mg CH cfh"fﬁ

| The contents of the tréps were dissb]ved in ca. 1'ml n-pehtane and
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ca. 100 mg unlabeled, purified CHT was added. Aliguots of this
soTution were injected on the same glc ;o]umn and thé Specific _
activify_of the.trapped'CHTf]4CVwas determined; The bq]k of CHT—]4C
'was»purified oﬁ the Prebmasteruglgr(cw-ZO'M, 12*,°3/4", 300 m]/min?
80°) and the trapped material addéd‘to ca. 500 ﬁ] dimeth&]acéty]ene‘
,dicarboxylate,_fo]]owédlby géneral procedures. The.tota1,activity

1n'thé sample was approximately‘73vmgc.

7) -Degradation of CHT—]4C‘from'irradiation #]6-(5 KeV). o

~ The same 1solati¢n procedure was employed (injector and detector

14

being at 150°). However, the CHT-'"C was not dissolved in n-pentane

but direct]y.added;toiSOO ul dimethy]acetyléne dicarboxy]ate;bloO mg

unlabeled CHT were also added. The total activity was 118 muC.

8) Micro-analysis of IIla and IX.

Calculated (%) - Found_(%) |
for Cy3H140, | Illa X
C: . 66.7 | 66.74 66.50

H: 5.98 577 6.22
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4. Interpretation -

| A comparison with the other partial degradation data (Figure
32) sﬁows that CHT'exhibiﬁs probably fhé 1argest.deviatibn from |
: thef]abeiingipattérn that one wou]d\expéct from fhe'postu1ated
mechanfsms (Chapter III, 4a). . The question arises as to what
justifications therevare tb'maintain:the'CHz-ihéertion ﬁechahism'
in face of thfs discrepancy. waever, there are several points
which corroborate this.hypothesfs:' i) CHT is known to be very
prone.to isomerize via intramolecular hydrogen shifts (whosé'
~ effect in this case would be the isémerization of the ]4C-posit10n -
in the molecule). 1i1) CHT-d,, broduced from‘tﬁevphOtOTysisfof
'CDZNZ in benzene, shows:é Iarge departuré from specificity (737‘,’ -
d24CHT). iii) The simi]arity of the yie]d—vs-energy curve (Figuré .
24) with that df tb]hene, and its steep fa]14off-tdwards lower
energy;-which was 1nterpreted'to'indfcate the'formation of the

precursors CH and CHZ'
129

TerBorg gg_gl.
entropy (]bg A =10.9 - 11.5) of activation for a transannular
hydrogen shift (oftfopfc rearrangement of.qrder [1,5]). This,modé jf
of isomerizatioh wou1d shfft ]abef predominant]y into tﬁe part of |
the ring opbosite to C-7, i.e. where we, indeed, found.a ]érge

amount of activity: .

determined the energy (31.5 Kcal/mole) and
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143

Klump et al. and‘Eg‘;gr—;r]44 (

the Tatter for a methyl derivative)
.,vdetermined energy (51.1 Kca]/mo]e) and entropy (1og A = 13.5) of
\act1vat1on for the rearrangement to the- correspond1ng benzene

' der1vat1ves

145

Berson et a] fdﬁnd‘another therma] mode OF ske]eton re-.

.arrangement wh1ch seems to have an energy of activation between
: tne two. prev1ous ones. It seems to involve the random open1ng

and c]os1ng of the cyc]opropane r1ng in norcarad1ene (Ia).

132 133

Doer1ng and Roth observed that CHT-7—d ‘underwent 1,2-

'.hydrogen sh1fts under'photoTytic eonditions. Sr1n1vasan]46

served toluene under the same cond1t1ons

132

Doer1ng observed that the (m11d) photolysis of CD2N2 in

Vbenzene produced CHT with jsomerized label (1,2- hydrogen sh1ft).

147

Lemmon et al. however, determined under the same conditions

that 14

CH2N2 produced (besides CHT)’toluene~]4C'with more than
99 6% Tabel in the methy] carbon. These two data parallel rather
nicely our part1a1 degradat1on resu]ts from CHT and toluene.

It is,. of course, not poss1b1e to tell from our data exactly

' uh1ch mechan1sm app11es in our system Only when comp]ete degrada— y

. t1on has been achleved and when the 1abe1 d1str1but1on has been

"determ1nedvalso as a funct1on of.the beam energy, can more definite ..

“conclusions be drawn. |

* However, this much can be said now:' Since the'CHé‘mo]ecu]e
is Tikely to have a rather high kinetic energy,vand since'the'hena'f;;
zene molecule is at'a,very Tow temperature (a situatibnvsimilar to #

thetphoto]ySisaof-CHzNzyinwbenzene) the mode of isomerization will-



be determined by the initia]-bbnd formation: mechanism. - The 1n1t1a1
collision comp]ex will be far from thermal equ1]1br1um of its
degrees of freedom (anvassumptlon which is much more correct for
the aboye fherma1:isoherization mechanisms).‘ Most of the internal
energy is stored in the inftia]’bond”and will migrate into other
degrees of freedom accord1ng to the dynam1cs of ‘the 1n1t1a1 colli-
sion complex—-unt1]-(1andom) c0111s1ons w1th other target mo]ecu]es
not only remove kinetic and internal energy from th1s comp]ex |
("étabiTization") but also introduce energy, via this secondary
collision mechan1sm, 1nto other degrees of freedom of the product
molecu]er Depend1ng on ‘the tota] incorporated 1n1t1a1 energy |
and bn the eff1c1ency of energy diffusion, the number of co]!1siens_‘
'tq‘sufficiently deactivate'the comb]ex may be large (1arger than
ohe,as usually assumed in thermal excitation). Therefore, at;v
later stages of fhe deactiVafidn‘collisiqh sequence;'modeé of
isdmerizafion may be bperatiVe whfch.are also obseryed in,therma]
systems. An ihdiéatibn_for the rather high energyAinvo1yed in
- the production of CHT cen be seen in the appearance of a sizable
ring Tabeling of fo]uene, 14%, compared with 0.4% in photo]ysis.]47:

This isomerization is discdssed in more detail in T. H. Lin's Ph. D.

| Thes1s University of California, Berkeley, 1969, and by Poh11t

et a1.8

Other possfb}e mechanisms are, for instance: Insertion of a
"._Cvaolecule into the benZene ring, followed by_a'hydrogen abstractjqﬁ

by the CHT radical. This radical should, indeed, isomerize the
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Tabel very quickly. A CH precursor is compatible with the obseryed'l
yield-energy cukve, but it is not indicated by the analysis in
~ Appendix B (see:Chépter IiI; 4a). |

: Formafion of CHT from a*trbpy]ium ion 1s—-at‘1éast as the
only mechanism—eexc]uded'becaﬁse this mechanism should randomize
-the label cbmp1ete1y, i;g,;thé.]abe1~distributfon'sh001d be 57.2%:

-42.8%, rather than 45% + 1 : 55%, as we found.
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APPENDIX A

Sources for Fast Carbon Particles

The following table lists sources and atomic parameters for:fast

carbon particleszlz’w4
-Species Source . | Energy Primary electronic
' . : : state
Any isotope'? Accelerator . &1 eV to | o
. . Wev . . .
4. N m,m Y 45 KeV o 18
e B p,atlc - simey | Moo
A%yt | 5500 kev He
120 et | 1.1 mev e
126 heutron - : » 11
stripping ¥100 MeV C
: 12C (p,pn)llC ">1_MEV _ ' llc ’
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APPENDIX B

Derivation of Collision Functions and Yield-Energy Curves
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Introduction

This appendlx contalns the derivation of y1eld versus beam energy
curves for products from hot atom chem1ca1 reactions of carbon in
benzene which are formed from presumably fast precursors. The pre--
' cursors in turn may be themselves products of hot reactions in- )
‘ Volv1ng p0551b1y several steps (e.g. multiple plck up of hydrogens by
fast carbon atoms).

: Thevgeneral procedure for the calculations is as follows:

1) The collision function, K (E), is derived for carbon atoms,

assuming isotropic, elastic scattering at atoms of equal mass.

2) The probablllty per colllslon to form the first step product
l(E), is assumed to be -small compared to K (E) so that the above
colllslon functlon, K, is essentlally unperturbed..’ The probablllty"'i
per carbon atom of generating a first step product at energy E is,

therefore, ri(E) . KO(E).

3) The collision function K (E) for the f1rst step product is

:calculated with rl(E) . K (E) belng the fonnatlon den51ty at energy E.
4) Step 2) is repeated for rZ(E) and Kl(E); etc

5) Final n-step product yield is obtained from

. min(%B’Enl) .
%;:'Rf UK (e i&rgﬁEon
EnO '

‘and Yn"; 0 -forvEB_<EnO .
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Glossary of Symbols

Kinetic energy

Kinetic energy of tﬁe beam

(v =1, 2, ..,): lower and upper energyilimit»for the
vth reaction step | |

Reactivity probability per colliéion of a (v-1) step |
product to undergo the vth reaction step

Collision prbbébility at. energy E for a vth step

_ product particle

Yield:pér original fast.particle'

Integfation;variables | |

:Probability that a éarticle which has the energy E

1

‘before a collision has the energyrEZ.afterwards.



T Cm

"Theofy R

-173-

Assx_anEt ions

_The collision function KO is defined, according to the Kinetic

1y,

K (B) = K(E,Ep) + f K, () [K(e,B) - 1(e)] de .

All other collision 'functidns are calculated analogously.

Assume:

1

1) k(Ez,El) = E (élastic_:, isotropic, equal-mass scattéring)

1

2) r(E)<<é—

3) Loss of kinetic energy in a reactive collision % 0.
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‘Derivation of Collision Functions

Derivation of Kot |

In accordance with the - above assumptions one obtains K, from

K (B) = 3+ \f Ky (<) é?ded N )

/
B g

Differentiation of (1) yields

K
o
E.

K - | | .
To N @
= S |

which ‘is solved by

K N ~ e : | . | | - ; (3) :

t

with C_ a constant which is determined by (1). Inserting (3) into (1) yields

Co=1

Thus,

-~
Il
=
g
L1
tr
In
[ws]

'B. - o : (4)'.,.

o Derivation of -Kl :

Kl = O .

If Eg < Epq s

For By > Bjg and B2 Bpi | | R S
Kl - de . | (5) _

- '»?i”{Eli’EB) -
. t = = . : - el
Kl =3 o(e)' rl(s)de.+ . -

o ~ -
1B . -F :
o Lo : B
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Differentiation of (5) yields

1

= = - K ®rE) -

dE CE

i

~(6) is solved by

where € (B) = fK () 1T, (€)"de + D

(6)

o

,,(8)'._

The constant Iﬁ is obtained by sat15fy1ng (5 w1th (7) and (8):

E
. . . mln(E , )
f K (&) * 1y(e) de+ D 11°Fp

.

E

=) G K@

" ry(e) d

fK )7, (man + D,

-5

s

(9)

It is readily realized that the square bracket on the right side of (9) is

the full differential of

AR RORENOL R

— = — . , so that

™

~ the integration can be carried out immediately.

E g
Jromose

E o

- f‘KQ(q) “y(1d0 + Dy

&,—) m

One obtains

(ﬂ)rl(n)d» 4+ D1

Bl
&

(10)

Z=min

(E

1155
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From this one obtains D1:
: i:min(’Ell,EB)%
D1 = &S Ko('n)f'rll(n) dn (11).'
Inserting (11) into (8) yields

Cp(B) = - (K () ry(n) dn + YK () Ty () dn
| ~ min(E;Ep) |
Cy(B) = [K (e)rry(e)de , ExEp, . (12)
: min(Ell’EB) v
- N Kd(?)‘fl(e)dé : .
Thus - K'(E) = : (13)-
E - .
for EIO'S’E(EB
Solution for K for.EﬁEloz
- mn(Eyy By o min(Ey By | |
- 1 = 1., . 11 n »
: K1 (E) = Jg 'K_O(e) rl(e)de +JE . Kl(e)de (14)
) E
. Treating (14) as (5) leads tdrthe solution

where_C1 is now a constant which is determined, again, by inserting -

~ (15) into (14). One obtains



c, ,?ﬁn(Ell5EB) .m%n(El%,EB?_. _ |
. ’ o — = [ K (s)'rl(s)de + J-l — de , and, (16)
- v E L o L g ° :

Ejo

after solving the second integral on the right

. \min (Ell‘ ,EB) _
. 1, '
¢, = mln(EllfBB) o E'Ko(e)'rl(e)de_‘ 7 (17)
| Flo :
Inserting (17) into (15): v
. : : ‘ ?in(Eli,EB)
) | : mln(Ell,EB) ‘ éio‘z-f Ko(e)rl(s)de o
"For E < ElO: X'@®E = e : e (18)
Derivation of KZ(E):
If Ep < Bjgr Ky(E) =0
If EB > E10 and.E 2 EZO:‘ o
- min(Eyy,Ep,Ep) o min(Eyy,Eyy,Ep) |
1 | 1, oy o
KZ‘ = kyg-Kl(e)°r2(€) de + ) E-Kzgs) de -.- (19):
- . ' (19) has the samezform as (5) and its:solution is, cofrespondihg wifh'(lS):
min (Ey)Eg1-EBp)
| (5 Kl(e)'rz(e) de -t
K, (B) = & - o

E
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Here,'Kl(e) stands for Kl' or K,", depending on E.

If E <« EZO: | .
- min(E,;,Eyy,Ep) min(E;y,Eyp.Bp)
- 1 : 1., ., , e .
K2 (El. = j E.- Kl(e) rz(e) de fn K_E-KZ (e)vde (2;)‘
B B

© (21) has, again, the same form as (14) and its solution is, as (18), .
min(Ey,Epp5Ep) |
l . .
. Kl(e)'rz(e) de

110521088 L € |
KB T = — (22)

miﬁ(E
. 20
E

Derivation df’KQ(E),”v > 20

K, can be.deriVéd frombKv_1 in an analogous way as K2'from’K1;;
‘Sinée‘there is on1y one product, toluené, besides methane, for which x
the knowledgé of K is nécgssary in_drder to determine the yield-energy
curves and siﬁﬁe in thi$ case'specialjsimplifigations:can be made, K
is ﬁOt-evéluated’in.generai.1

Pl

~Derivation of Ky for any first step products and intermediates (CH GT'CZ): -
S L 5} '
Assuming . rl{E)‘:= Eﬁ-, n > o, and Ty f const.,

inéerting K. = Zinto (13) and (18).

o
o



s K® = pek(ho——H) @
_ . : . | mm. (Ell,EB) ‘
for Ejg< Es miﬁ(Ell,EB)_,
- . 1 Tp . min(E;;,Ep) 1 o
| . .10 11°°B
for 0 sE < Ep -
Derivation of X, for CHZ: L
It is assumed that the iower and upper energy. limits for the pick-up
of hydrogen by (H are the same as those in-th'e_pick—up of the first P
hydrogen: - - '
VEREEE By = By
i = En
r.(E) = r»i(E)' =L
1 ARG g
E From (20) one obtains for E10 <E < Ellz_'
mln(Ell?EB)
K' = L0211 .1 1 La (29
. 2 E n e n n n
: E . € min (Ell’EB) € BN
kyo= Loz L (Lo1yt gy
- 2n” BN By ol
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From (22) one obtains K, , for E < Eqp:

B, Fp. -
G = o2 ) 1.l.10 L1y 1
K2_1 (B) E T W g T n ,( - Hde
. E € EBE
-—Ei*—'rzl('-l[l-‘1]-'1-1[1-1‘]) (27)
T E n *Z2n+l pen+l 2 I N £
| ‘0 B 5 10 s :
7'Derivation,df'K3 for'Cﬁz:
It is aséumé@ again‘thét
Elo = Bao = Bz
Bin = By = By
r
r = T = T = =
1 -2 3 gl

E

: N B o
K3' = \J r Kz (e) -« r(e) de + J KS'(e) = de , ' ”(.28)
‘with .E'lo.s E < EB_S Ell .

(28) has the same form as (5), and its solution is
, . - o | v
S -KZ' - I‘(e) d'e.:

Ke'.= B . (2
. E, - . . o




- Derivation of K2 for CZH:

a) GH>CH

' 'Assmne: 'E

B R r,, 2nd step (CH-»CH)

I‘l,

reactivity

1st step (C->CH)

(29)

(30)

Vv
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_ | v .min(Ezl,EB) » | ' _ min(-l?zi,EB) »
‘.varom.(19): -KZ' - val(’.-E) ) % . 'rz(a) de + 'S‘ KZ".(;') . %:—de, | (31)
. E , E

SRR
for B,y S E< By .

The solution of (31) is (20); with K, = K" from (23)

L mn(Ey.E) |
K, _ % .1h2j_l(%__,n1» )-%-ﬂd‘é'
. : £ |4 min (E ,F ) €
T T ‘ . . ‘ ) ‘ n+m
K, = =2 1oLl Ly
2 n E oM ndm min (E21- ’E"P)j
1 »-1' e 1 n

(32)

~ In this case, where By 1S p_resumabljr rather lafge, it may'be importént

" to compute K,'". According to (22) it is

min(E21 ,EB)

min(E ) ‘ ,
11 ’ B . .
GE - e fl- K (D, de . (33)
| o ,_

Insertlng for K1 Kl" si.nc‘e El-O < EIZO‘, and for‘ r,, as aboVe, —1—— :

1 1 1 n+m+1

min(EZl’EB) r, T, [ ¢ , y
n+m+1 En+m+1 m1n(E21, Bj

: 'K ”CE) = .Z. . _(
2 E n.

. ; 1- n 1. ’ 1 m+1]_

- § ( ﬁIﬁTFIITEET ) - [iﬁﬁj-- ( WIN(E, By ) L‘) ,_:  (;4)

for E < Ezo.
[
| |




A
>
o
o
>
o
p,
(8]
2]
Q
~
 For this case,(19) is: |
| | min(Ey;,Bp) - min(Ej;,Ep) | |
1. . 1 S : o _
:KZ' = ‘) 'EKl(E)'rZ(E)dE »+. ZKZ(e)de ) : o (35)
: E . B o
and (20) @ o
‘ min(E,,,E
o (R | o
K= ( Kj(e)rrple)de . A €2
With r, as above, and K; = K;' from (13) with r, = éﬁ
. _ . S . ' ‘ Ty ‘ ‘m
o B 101 1 171 1 1
I K s aEcEs (5 (T ) )
. E%“s e TETm L Ry O
- min(E; ) ,Ep) .
R b »jl 1 1
K,t = D= (= - . m. - =—=d
2 _— th ( o min (Ell,EB) .‘) N ae
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1 1 1

m+n +m . n+m :
E-m ]’:‘n min - (Ell;’EB) _ -
o1 N S S SR
minm(Ell’EE) n Bl minn(Ell’EB)
for E;; < E < min(E;,Ep).
20 < E < Eqp | | o
R El Jle - rple)de ¥ 1{ Kt -rp(e)de 1 (38

B 1o J

~ The second integral -in (38) is Kz' as in. (37) , and the first integra"l‘,’

with (18) and (24)

=r1'r2 © min(E, By ( —i- - 1 - Ly (39)
nmD) 1178 Elom+1 min™1 (g : BoE

Therefore, | o
K‘ . : 10T, ( mln(Ell‘,EB) . Sy . | )
2 m¥l . m+l = R
 min " (Ejq,Ep) B! x-"ElO

E © n(m+l) Elo

oL 1l o 1
M) g g™ )

1 o 1 . 1

n-memin™(E ;,B)  E min® (B ,Ep)

Heo
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W

Derivation of Yield-Energy Curves

The‘yield of a compound is, in accordahce with the thus faf_applied
concepts, in simplified form:

min(E;,Ep)
(41)

T TS e cxe) b

where K(e) and r(e)-és_previously:defined, and EO and’E1 the 1dwér_v_
,

(fa;tivéﬁion" energY) and”uppér energy limit for_finite reactivity. Ep -

is thé kin¢tic enérgy of fhe beam particles and K(E) refé?s.to the ihmef

-~ diate précursof for the bi-molecular reaction prbducf‘quer congidefation.
Since Kldepéhds, ip geﬁefal, én EB;‘y ié-also.dépendent.on'EBféven if :'
EB > El, i.e. even if the initial beam'pérticlg energy'is 1argér thé#

the uppef energy limit fo}=feaction; This is true-élso:for the éaSe3o£'1—step.
broduéts sihce'the collisidn functioﬁ‘of the primary particleéiddes{#ebehd i
on_thé initiél energy ifbthe;lattér is‘néf.sgfficientlyviarge. Howey¢r,
in'the foregoingvit was assumedﬁthat Kd déesfnot:depend‘on By ahd‘éﬁ§

observable:change in K(E) ( and therefore y, Whén EB > El)‘indicates
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precprsor formétion at highér energy thanfEl. It is the-range of energy
.'abbve ca. 10 eV, Where such precursors can be.formed? that theSe
cal;ulafions apply tp. This is_aiso the.energy range wherevjustification

exists for many of the above assumptions.

A) CH, +'®H«%>f01uehe?»cYCloheptatriene:

.CH2 is considered a 2-step.product, T and CHT 3-step products.
Assume: E30 = E10 >

<E

ESl 11 ; however, E31 may be different'fdr T and CHT.

By definition:
: ’ min(E ’531)

= ! .
Yy ~ J Xoar, T de
0L
10

- Inserting for KZ' (26) and rs'(above):

2 min(Ep,Eg)

A T O B T TN |
. c(5x-—q) 5k
n € ' e
9 Ep
rzr '
opl. = emtm Elo2n+m min 2 m‘Ean» ElOm _ miﬁm '
- [ = - —].) S (42
'EBn(m+n) E WL ’ - ) .(. )

-10

where minvz'min(EB,EIS)..
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The.yield”for Ep 2 By is
) (EB v 'Ell) J
"and the relative yield R |
R =

o | S
, _ : >
1 , for EB - E11

- Analysis of the Yield-Energy Curve -for T, CHT:

. If the energy is_meaéured in units of E o> thégterm.which,deterﬁines'
the shape of the energy dependence is

2n+m.

S S 1 1
X _ ‘2n+m, ,[ 1 ('mlnigB?x31i ) ]+ m XBZn [ lj- ('mln XB,X31 )
g
n2' [1- ('-nTiﬁT>1(—x_)) 1,

Xg (m+n) R - S |

with = x -

Position of Extrema:

M xg = 1+8, 6small , and

X~ Xz



1 1 11 1
= [— 4 - ——— 1— R -
X 7n+m [ ( 1+6 ) ] m Xén [ ( 1+3 ) ] (m+n)x
x 2 m ;' 1 2n 1R
&, " Blrs) 1 oy tpm i) b
B B

no_ om0 -l
e (1 a)mﬂl -

-

For 6 - 0, xg =+ 1; i.e. the yield energy curve is S-shaped and its flat

‘parts are near E31 and at 1argev EB."

B) xgy = xpy
1 I L 1 |\m
X = g L1 ('ig) ]+ m._2n [ 1- (_x_'—') 1
. . Xg : B
2 o mn
- [1- (&) ]
B(m+n) B
: Zn+m+1 2n+1
dx 2 2 1 2 1
e = (220 (=) -2 (=)
B m  mn Xg m S Xy
m 1
mn ( X5 ) .
" This differential quotient is zero at Xg > on and'-if _
dx }\Zn+m+1 ( 2n _ ZL) ( 2n 2n )' o
T m W m mnCB B



s

This 1g§t_¢quation can be solved for argitréry‘n5m > 0 only if x5 = 1.
It‘can also easily be showh-that]thg righf side’inéreaSes monotonousiy "
- with XB, if Xg > 1. Therefbré; Xp = 1-i$vthé only‘horiZO#fal part jn

the S-curve, besides that at largé Eg.

Position of Inflection Points:

Mlfxgy = 1+ 6, ¢ small, and x5 > Xgq :

“dk | an(end) (1o (it ol D) [ I
dez m 1+6 _X2n+2 mtn 1+87 Xn+2 .
& T B . X

This secohd differential quotient is zero for xBf+ « . and when

d 2n+2 2n(2n+1 | 2n(n+1 ' 1, m+n n -
0 - gg .——(--[1(1+6) I - nﬁm)[ L 1%
m

(anl)‘(m+n) [l-_(j_%-g)' I
) cm 1-(1—}:5)m+n]

Comparing this with a similar one (above) for %%—-indicates that xp is
» ! v _ e By - B -
never significantly larger than 1.
" B) A similar result is obtained when the restriction: & small and

E; > E31 , are dropped.
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Analysis With the Assumptions: ~ m >> 2n, Xg > Xzq v
I B R T
X“ﬁ[l'(m) ][1'?‘73‘—5] ‘
: . X X - !
B B
' 2
_1 L1\ 1
=13 L 1-=5]
: X
. B
_ 1 ,.m o ' ' ii 2
Here ﬁ-[ 1—(1169 ] can be considered a constant, and only Z = [ 1- ;?f]
| o o *B
need to be-tonsidered. - Equation :(44).1is now:
. 2 )
» 1
a- =) ,
R = — 7 - for Xp S»X31 . - CQSJ
11
The 'fhalf—point” is attained at XB = Xl/z N _1_.__e_. when
: 1
(15 ——)
v X
0.50 = —————lzgér—— -, or
(1- =)
11
1 ‘ - , .
172 7 f11 7 1 e - (48)
: _7(-0.294 ©Xyp 0t 0.706

Xl/? as a function of SEE for various values of n, iS.plotted in-__%f

- Figure 33
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25 [ y
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- Figure 33, Values (x1/2) of the beanm en@rgy at which the yield of
products from the precursors Ci, CHp, and CHz is.1/2-of the high.

energy value-versus upper energy boundaries of . reacticn x31 (ali
energy values in units of the lower energy boundary Eo1) ”hc para-
meter n is the exponent in the reactivity curve r = 1/E



-192-

B) CH

3" + PH + toluene + H-

CHs- is considered a 3-step product.

~Assume:  E;5 = Ey

E 11

41

r,(B) =

|

miﬁ(EB,E41)
T
5 min(Eg,En) - s
T Iy 1.1 1
'y = = (= = + Z—de
6 3 € n n 1]
‘On E € : .

6n3 3n+m E3n+m | min(EB,E4I) ,

10

1 _2n+m

- 0 i * Oy )
E FpoFa) 7

1
| 10

| 1 -
Y mm pen [.Eg+m_- ('mlniEB,E41i ?

: _%H' ) % ‘[:;%; : ('mlniEllé f )m ] jv“
Iy 10 TRAY
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AnaleiS:
‘With the following ,abbr_eviétions: -

E,.. = E

10 40> 1
__.=x'
B, -~ "B
oo
B, 11
o
By T4

- the term which determines the shapé of the yield-energy curve is:

1 3ntm

‘ x‘ T 3o [ 1f (mlnixB,x“i) | ]‘. '

: b - v 2n+m

- 71?;+m ) lﬁ 1- (mlnix i ]
X B X41
L. N __i__,. —%_ [ 1-( ) 1 E ) )]l+m
n+m XBn : mlln(xB,‘ 41),
nl"

) (mlnixB, 41i

'w“g{'; _
B;"" |

For Xg > X417 > and X41% Xq0°

.. : 2n+m.
dx 3n 1
&g - T “ﬁrr [1- (‘“‘) g

: +
- 6n nm

"-n—ﬂﬁ_ﬁm [1 (—) '1
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3n 1

R v
nommer LU R T
Xp 41 ,
- dx - L ' . '
aig'" 0 if Xp >, and when
. . . : 'v2n+m.,‘
dx 5n1 _ 3n. . _2n o1 R
o R R
én . .n o1 nm
g 1D T ]
n+m B. x41‘

. |
RERNE (33113)' ] = 0.

' This is a quadratic equation for xg which has the two solutions:

1 hm — 1 pm 2 , »
2 [ 1- (')'(“4—1‘) ] 4[1‘(}(4—'—1) ] A . 2n+m - | L m
xg _ ' T - (n+m)2 ) m(2n+m)[.1i (;z;? 3 i'[l‘(EZEJ 1
| B STE s
Zn+m Xgp

With the approximation

.k
1 - (__1.._) =

ks,
) r/ X41 .

1- 1k =

where 6 is the assumed small quantity’

6 =‘ X41 - l.’

"the only physically relevant solution is
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Again, the yield energy curve is S-shaped with its horizontal at Xg = 1

and Xg P00,

Analysis for m > 3n:

The term for consideration, now, is:

| | X
_ .3 .3 1 1
x = l-Frmom o G-R)
xB Xp Xp Xg
a-L
CoE | | D
_R=.—‘-'——'1—-_-3",' : : o (47)
- 1- | _
11
The '*half-point" is at R = 0.50, i.e::., 'wheh
. - 11 |
1/2 ~ 1 R
7 0.206 X, + 0.794 )

11
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Single Pick-up .
| For single pick=up>precursor reactions the relative yield-

energy curve is

. 1
1 —-‘X—n
B ,
R = —F (49)
1=
Rt
and the ”half?pOint” va1ue,"
- o X . : ' ’
S 1 . G0
- 205 @+ x,™ |

11 a

In Figure 33 the "half-points" of R for single-[(SO);,gig,'CH],
double [(46), g;g,”CHZ], and triple [(48),:2;&, CH3] pick—up’reactions'
(as precursors to the fiﬁal; stabie produ¢ts, CHT and f} are plotted |
, Vefsus the max imum energy,'Eli; at.which'pick-up_één»qccur (measured
~in units of the activation energy E109f' If one assumes that E;, > 1 -
2_éV?‘then kilér 25 - SO,vsince Eii cOuld}be as -high as 50 eV (Appen-
dix C). From the,éxperimental yield versus energy curves (seé '

V Figure5'24 and 25), the uppér limits appear-to be ca. IOO eV'and,the 1
”half-points"~at:abouﬁ SO_éV, i.e. x11:¥.50 -.100 and x; 5~ 15 - 30.
~ Such 1argé vaiues for xl/ziare_obtained for;CHSvéS precursors only

if nvis equéler smaller than 1/8. n_has to'be'smaller yet, if the
precursor is as;ﬁmed to be H,, and éven'smélier for CH. A small n;
however, indiéateSVthat.r is hot very energy-dependent? or,'that the,'”

pick-up reaction cross section. varies with the energy as the cross
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section for elastic scattering From Figure 18 (Chapter I1I, l)
.>r| | ' .
one gets a notlon of how the elastlc scatter1ng CToss section varles'

‘with energy. A-caut1ous extrapolatlon of the curve into the range

_ between 10 and 50 eV suggests that
i I !

The’piek?uu Ccross section willvtherefOre have ahout_the eame energy
dependence. Thisvtype dependence, however, is eaSy_to accept (and

) widely ascertained): lhe croes,section.is_inversely proportional to-
the velocity,'or proportional'to the "duration of eollision”.’ This |
relatlon 1s fbund generally in resonance phenomena

ThlS is probably all that can be obtalned quantltatlvely from
the exper1menta1 and theoretical analysis.

Qual1tat1vely, one would like to be able to determlne for in-.
stance, whether toluene and cycloheptatrlene are products of_the i&
same/ﬁrecursore.(a quantitative comparison of‘thegexperlmental'yieldj
energy curve and thebR = curves is probably out'ef the'question k .
‘_-because of the many over- s1mp11f1cat10ns w1th regard to K etc.).

. In order to 1nvest1gate the qualltatlve problem, the ratlos of ”half?
p01nt"_va1ues of the different pick-up sequences.are plotted.;n
Figurel34. From the preceding discussion,Vwe know that n has to be
very emalll Unfortunately, the experimental value for the "half-
_p01nt” ratlo T/CHT is very 1naccurate It may be anywhere between 1

.and»l 5. From Figure 34 the only small n- value curve whlch ylelds

51m11ar ratlos, is' that for xl/Z(CHS) / xl/z(CHZ) Thls‘would
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' '1nd1cate that some of T is - fbrmed from CH rather than CHZ In

i
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any event the deviation from the assumptlon that the precursors '
of toluene and cycloheptatrlene are CH2 tends to. favor CH3 as -

|
p0531b1e addltlonal precursor for T, rather than CH for. cyclohep-

_‘tatrlene. _However, these,conc1u51ons are extremely tentative, and.

~ thave to await more accurate data-taking. The preceding was pre-

|
sented 1ndeed to demonstrate the opportunltles and 11m1tat10ns

, ,of this exper1menta1 and theoretical method rather than to advancev:

ddefinite results,

C) CZHV + ¢H—>.pheny1acetyiene

The precedlng derlvatlons of R-curves for 51ng1e step plck up

reactlons etc » can be used agaln for the analysis. of the experl-

fmental y1e1d energy curve for phenylacetylene The curve seems to .
. decrease more steeply than CHT or T, 1nd1cat1ng that phenylacety-

'lene mlght be the product of more- than 1- step precursors. However,-»-

a comparlson between the y1e1d energy curves of CHT and T, and that |

’ of phenylacetylene-1s probably-not admlssable because of the.

almost certalnly dlfferent dynamlcs 1nvolved in the formatlon of

the respectlve precursors (see Appendlx C)
i o

D) Other Products -

If the colllslon functlon does not change over a reactlve range,'

when Ep is Varled, i.e. if the ylelds of certaln compounds such as

benzene, biPhéPyl, diphenylmethane, and phenylcycloheptatriene, are =

independent of Eg, fbr‘E%;Z.EO, the only'conclusion is that the

Hl
|+
i
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~ﬁaximum energy for which the particular reaction proceeds is weil_ >
: below E,. This does not exclude the possibility of formation of '. .
”precuréors”_ whieh ‘may react in‘a"bimolecular reaCtiOn again.
However, such precursors must have extremely low k1net1c energies
v(<h ). For the above compounds, E seems to be <3 ev. o

- This appendlx cannot ;. .0of course, explaln the increase in y1eld '
of»”U—Z” as. the emnergy decreases (see'Chapter I1, 9). Kinetic |
theory always predicts-décreasing or constant yieldé;'7Thérefore,'
the yie1d,behayiQr of‘“U-Z”_mUSt.bevexplained in COﬁnecfion with

the problem of the origin of the oxygen.

Diseussion of the CalcUlations-and Results

Thé concepts of collision theory in geﬁeralfénd tﬁevformUIationi
of the product &ield according to equation (41jvare probably ade-
qUate fot‘ihe hot-atom cheﬁiétry under.investigation iﬁ tﬁis]theSis{
In CoﬁtréStvto cleSSicai experiﬁents in collision theery,_the
enefgy‘rénge for binary and reactive collisions is much larger
hefe (3—lOOIeV), end many factors'which ean Be'neglecfed there, or :
~are only a-small perturbatien become of priméry importaﬁce here. .;f“ ¥
'.-One such factor is the colllslon fUnctlon K. The method of varying - o W
'only the maximum energy, (EB), whlch reactants can attain, makes
the 1nterpretat10n of the experlmental data-very-questhnable'

because it is most certainly for energies close to EB,whete K



ke

- when a certain hypothetical dependence on E

deviates Very'much from the asymptotic solution,l'1 i.e. where' the
dependence of K on EB is strongest. In other words, the experi-

‘mental data are'being interpreted in terms of quantities which are

v _most‘Unpredictéble exactly theré.where.they are most decisive. In

order to keep the calculations tractable, we had to assume that K

was not a function of E ‘except that K = 0 for E > E,. From the

B’ B*
above it is clear that the quantitatiVevahd qualitative analySis

- of experimental data depends crucially on the extent to which this

_aSsumption is correct, e.g. if K(E) is much smaller than 1/Ebfor
x Ep.a part of the ob served yield decrease is due to a diminished

K in the reactive energy range. It might be worthwhile to investi-

: gate.Which properties of the yield-energy curves are invariant

B is introduced into K.
Perhaps a more realistic analysis of experimental data can then

be undertaken,
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APPENDIX C

Classical Mechanics of Bimolecular Collisions

(Pick-up and Insertion Reactions)- | _ oW
e v - _ )

All b1molecu1ar reactlons con51dered in thlS text can be repre—r

L S

sented by the follow1ng scheme

OO0 OO -

’ fast ~ target product
molecule ‘molecule molecule - fragment
' J
“before 7 after
*CoiliSion
q  internal energy of the (fast) product molecule

"Q heat of reactlon (see Appendlx D), only ground state - ground

.state reactlons con51dered

Energy conservat;on: .ei = eyt E2 +q+Q . _‘ : (ij
- Momentum conservation: {Zme, = YAE, + ‘YZmzez | (3)7

W1th thlS fonmulatlon we are con51der1n0 only the two cases: .
"Both products are scattered forward " and "one product forward the
otner backward." However, it can eas;ly be shown that 1nvthese two-;
casés the quantity q + Q is maximuhvor-minimum. |

~ From the two conservation equations one obtains:
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The following values pertain to the reactions to be considered:

Pick-up of H by e :

_15

Pick-up of l-ZCHX by 14C:
m, % Zm Moo= 3M . Lo g.1g0 QY4 eV
2N 71 2 61~ 'MZ ot ’ v

Re-entry products (benzene):

. 14 . ~_ 80 _ 12 " =
..bml"—o-mz, m2—7—§M1,M2 -ﬁ ml'., Q 0

b
[

|
]
ot

. Insertion reactions: Since here the product molecule takes up

‘all of the énergy and momentum, the ratio between initial‘energy'51 
and internal energy q + Q is fixed:

Carbon into benzene:

. . q+Q € _ m :
4 =1--2<1-2L 2088, 0

-4 eV

Giz'into benzene:
i ’
o
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e o
= 0.83, Q = -3eV
£5. R . k T -
1 - ) ¥
C, into benzene: ' S o o E W
q*+Q : ,
= 0.75, Q = -4ev
€ i
1 - . 1
Discussion

Pick-up reactlonsv h

In Flgure 35 the relatlonshlp between q + lel (the 1nternal |

| energy plus heat of reaction, relative to the kinetic enercy of

., the fast partlcle) and ez/e1 (the k1net1c energy of the fast product ‘ )
: molecule w1th respect to- the 1n1tlal Kinetic energy) is plotted for
the dlfferent pick-up reactlons |

| The 1nterpretat10n of these plots is as foIiOWS' Any point on
this two- dlmen51ona1 plot represents a blmolecular collision, the
abscissa determlneS'the kinetic energy of one of the productsl(gég,‘

: CH) thetcorresponding'ordinate detennines the internal energy. of
the 'same product the vert1ca1 dlstance to the d1agona1 determines
1_vthe kinetic energy of the other product molecule (__g C6H5)
-energles in terms of the k1net1c energy of the reactant atom (_Jg

C). IfQ-= O and if q is assumed always p051tlve or zero, energy
conservation requires all colllslon points to lie within the

" ‘triangle (1, 0, 1). .If Q # 0, the triangle shifts by an amount

_Q/e_1 parallei to the ordinate. Now, momentum conservation requires;7

also the collision points to lie within the closed curves of this
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.C6H6-14C - Re-entry -

| 10 | _c o
, _ . ’ ' CHﬁ } Insertion
73 “. : : o
‘ o 1 v Co
\
0.6 F
04-—

0.2t

q+Q
€1
o

0.2

. _
S XBL 695-4244 -
‘Figure 35. Internal versus kinetic energy of rprodu'cts from various S

bimolecular pick-up reactions.
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plot.. The upper and lower boundary represent the two extreme
cases described prev1ously Only quantum mechanlcal calculatlons a
can determine the prObabllltY'Wlth which a partlcularvp01nt with-
in these bounderies is realiied“asha real collision .

: The upper boundarles of the curves CH CH2 are, over a w1de
range, almost 1dent1ca1 w1th the d1agona1 1 e. the~product
' molecule (C6H5 ) from whlch the hydrogen molecule is strlpped does -
Anot have any klnetlc energy. ThlS area descrlbes the case of the |

spectator stripping" mechanism, 43 ,148

a dominant mechanism-in
_many'hlgh energy reactions. One realizes that spectator strippinc:g
can occur over a con51derable range in whlch the ordlnate Values

are small _1 €. where the CH or CHZ’ molecule has little 1nterna1
energy (1.e. is relatively stable)~but:1ts kiretic energy is

7large If we set an. upper limit forél-F(g/l_(e g. 0 05), then

one'’ reallzes that the mlnlmum k1net1c energy of ‘the product of

~ the CH is still very h1gh (>0.45). However, one cannot, of course,
predict how frequently such.a.process oecurs; Assuming for the |
- pick-up of hydrogen ideal'spectator stripping, 1.e. Where

+

q+Q €
s 2 = 1 s ’
1 €1
A o
one finds from equation (4) that o
2. ™ _ 1 .
m, 15 v i 15
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That is, if one assumes as upper limit for qdca:IS‘eV; one,finds
si = 45 eV and €y = 42 GVQ_E;E: the.pickfup‘reaction nay occur for
a carbon.atom with 45 eV and'produce a CH molecule withL42 eV
kinetdc and 3 eV internal energy -

' The 51m11ar1ty of the curve fbr ¢, (plck up of carbon) with
that of CH and H, makes it plau51b1e that a strlpplng mechanlsm
contrlbutes to the formatlon of C2 - fragments’ as well (whether

there are also hydrogens attached to this fragment is of no conse-»*‘

| quence in this approach except that it may'determlne Q (see Appendlx
D) and thus determine the exact position of the diagonal; i.e. the |

'_uppervboundary‘of the area) In any event, all Cé fragments may

retaln a considerable portion (>0 4%) of the initial kinetic energy,.
i.e. be fast and ”free” |

* In order to demonstrate the difference to a reaction which

‘must follow quite a different dynamic mechanism, we have also

plotted a hypOthetical '""billard-ball" type replacement"of-a.lzc

by a 14C atom. The curve ”C6H6—14C—reentry” running closely to
the ordlnate corresponds to the above curves for p1ck up reactions.
For the product ( C-benzene) to be able to survive successive

COlll?lonS its k1net1c eZ/e must be below a certaln max1mum

.This limits the- manlfold of colllslon points to a rather small

area near the zero p01nt of thlS graph the upper boundary being

- the .steeply 1ncrea51ng ""re- entry” curve.

Insertion Reactions

If there is only one product molecule formed in a colllslon

(”complex”) the number of degrees of freedom (in this theoret1ca1
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épproath) is decreased by one and the curve corréépon&ing fofCH4,

etc., formation degenerates to a point. These must'hecésSarily

5> CoH -

2

. ."_.1 ’

lie on the diagonal. -(See points labeled "C-, CH

Insertion").

“Figure 36 is perhaps  a better representation for these cases.

One realizes that the internal energy of the complex is aiways.ca;
80% of the kinetic.energyAOf the'inserting_parficle.‘fThat is,

- the iﬁéerting particle must be sufficiently-Slow SO that'the\
"complex-has a chance to survive} “Insertion reactions will, thére—

'-fOre,-bcCUrxonly at .low energies (<4 eV). -

‘.\
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- Figure 36. Internal versus kinetic energy in insertion reactions.  :



210~

APPENDIX D
Enthalpy of Reaction Values for Several Reactions Considered in - _ g
this Text:

- The first mentioned compoﬁnd to..the' left of the arrow is always
thé carrier of the M4c moiety and can in general be considerved_hp't;'
the second, always benzene, is the "target' molecule. To the right,-"
of the arroﬁ, only the first mentioned products are of inte_rest ;
only_these‘con_ta:in the Y¢ atoms.

Reactions leading to CH, 'AHOOI‘_(‘Kcal' . molle_,l).

C +gH > CH +g 22 |

GH +¢H » Gy +¢ - | a8
CHy + ¢ > Gg+g S
CH3_+¢H > CH4+_¢S‘ v v S 0
Reactions leading to CH,
C- * ¢H > Cy C5H6 . : 108 + 20
O+W@4%H+%%_, N 76+ 20
C +¢dH ~» CZH2'+ C5H4 ‘ -35: 5
. J
4 .
CH+ gH > CH + Ceflg | o 56 * 20
CH + gH > G+ CHy 35430 i
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Reactions 1ead1_ng to C7Hx AHZ (Keal mole—l)

C +gdH >

#CH

BCH + gH ~

-98 + 20
V;/ ' | | C +¢H - cYél’oheﬁtatrienyiidene =72 + 20
CH+gH + ¢CH+H <18 + 20
G+ fH -+ gCH, 2110 + 20
(<] -
| AHog
CH2 + gH - ;zSCH3 =78 + 10
CH, + ¢H - CHT 52 + 10
CHy + gH .~ BCHy + H- +7 + 10
Reactions leading to C8H6’ pheny1'acety1ene (BAC) o
C, +¢H » BAC -108 + 10
CZH + gH - @gAC + H- +22 + 10
C,H, + gH > gAC + 2H: +132 + 30
Colly + gl > 4AC +H, +30 + 30
Reactions leading to ¢2
¢ +gH > g, + H +10 + 10
- | gH + gH > 4, + H, +11 + 10
® o ' | ©I.+ gH - 8, | 88 + 10
w : o
Reactions leading to Cy3H;5 |
BGL+ g > 40, -78 + 20
$CHT 52 + 20
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Hgf (Kcal - mole ).

Cycloheptatrienylidene + gH —s §CHT 78 + 20
;Cycloheptatrlenylldene + $H —> Spiro-CHT
4cH, o+ ¢H-——+ 6,01, + H +20.- 20

- The above values were calculated via thermochemical cycleé involving
~ the following quaﬁtitiés (in.Kcal -'m01e71): -

References -

D@ = 80 e
DR -0 e
D (HZC-H)‘- Y ' - ,“;i49 -
D ($-H) . = 102 , ' B 149
D@y o= w3 o 149
D@y o= 1032 149,150
D (HCZ-H) | = <21 1
D (Gy#) = (™ 149

AH:f for toluene: 20, calculated from D (CHz-¢) = 87.

D (#CH,-H) = 77.5() AT 149 .
D (4CH-H) = 100 i_zo; estimated 1
D'(ﬁ-C H)‘> = 80 + 10, estimated
D (C, -H) = 130,‘c§1cu1atedi - 149,151
aH of (benzene) = v'24; o t'v-‘-" . | lSO '
TR £ o= 7, calculated as <124 149-151
AHO K (CH) = 543 o 150
I298;f (i) = 435 o ‘V‘vff-  l53
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AHo f (CHT) = 46, -calcul-ated(lsoi"lsz)v
AHo (CHT > cycloheptatrlenyledlne + 2H) 180 + 20, estimated
AHo_r (8CH; > ¢CH + 2H) = 180 + 20, estimated

SR 150) .
Oy - mat L
. o (151)
AH £ (C5H4) = 105 + 5, averaged from similar compounds
AHoof (Cgas) = 170(150)
=] - .
(n C5H6 + n-C HS) = 100 + 20, estimated
O X .
(cy C5H6 + n-C H6) = 80 + 20, estimated
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APPENDIX E

The S/K-Method

&0

JIn this;appendix, a method is.suggested which migﬁt be of
use in- the investigatiohbof kinetic prﬁblehs; somé of'whi;h have
been déscfibed in.this thesis, iggflthose involving’high—éﬁergy
species and.multiple collisioﬁs in<th¢ chemical enérgy range.

The gehéral idea_is’as foliows: Siﬁce at yelocitiés'below
~ the Bohf-limit the prime ehergy-loss’from fast partiéles occurs:
through "eiastié? collisions with whole atéms'in the target,'a
iarge number of secondary atoms Wili béfcreated?if the energy of
liBeratioﬂ of thisAatom(is less than the kinetit energy 6f the |
fést_ﬁarticle.- The secondary atoms, in turn, will_be slowed
by the same processes and create secondary atoms themSélves, etcHA!'
‘In the case of fast '*C-atoms in benzene, many of the daughter

-atoms are 12

14

C-atoms which may undergo the same reactions as the
fast ~'C-atom, that is,‘beSidés the‘14C—labe1ed products there ;3; |
will also be prbduéed the corresponding 12¢ products. To |

" determine their yiélds, the 'secondary collision function; S
'-(correspondipg to K for the primary étom), has to bevcalcuj

lated. It turns out that S can be'expreséed in terms of K in

, . Or
the following way:

S(E) = f(E) - K(E) , where f(E) >1
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is a strongly increasing function for decreasing E. The yield

" ratios of 12C to_14C products is, théreﬁore

B S ,; - E

max max - ..
| fS(E)-r(E)odhl“ N 1 (£-1)-K-r-dE
o = ;;X;bé Eg _ : = 1+ E%» ’
Yo fmax CFax
f K(E)*r(E) -dE - f K-r-df
E B - E

a - a

i.e. it is the smaller theilarger Emak and Ea are. Thus, this
‘ratio varies for different shapes and locations of . By deter-

mining the 'natural specific‘activity” (R_l) of the products in

the irradiation sample, one'might thus be able tb_gain some. more

information with regard to the main features of the reactivity
curves.

This method is entirely within the scope of kinetic theory
6,12,112-114

as it has been applied to hot-atom chemistry, - and it

forms an adjunct to thé moderator experiments. Its accuracy im-

proves, of course, as more detailed kinetic data become available.

12

However, it requifes-a high detection sensitivity for the ~“C-

t

compounds, whereas the detection and mass determination of the
14

target molecule as product (Benzené), and whenever 12C-products

can be formed through other routes (e.g. biphenyl).

C-compounds do not pose any problem. This method failslfor theffi

°
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RequiredvDetection_Sénsitivigz_

For 10 KeV primaryvl4C-ions the ratio S/K at 10 eV is approxiA

mately 104 - 105. With a'1% product yield and a 1 A 1*C*-beam

16

strehgth approkimately'lo
"lZC—product are formed per_hoﬁr.» Separation of the products must :

be made on glc. =

Methods for the Determination of'fhe Yield Ratio R

" 1) Mass spectrometer: This is the mbst'éensitive”method (ca.“ﬂ

1079
14

“with the glc separation in one measurement: Ratio of ~'C-parent .

ion to 12C—pa'i”ent_ion"intensity’from the mass spectrometer -

output, -

2)‘Glc/proportionalvcountér?{ The total amount per lgC-producﬁ3 :

is bérelyfdetectablevwithAheéf-conductivitykdétectibn, and absoiut§

values may be rather inaccurate.
~ 3) Perhaps- the cheapest and most accurate method is the

followihg: Products are trapped as they emerge from glc and

‘dissolved in ca. 150 ul ethanol. A 5 cm giass”capiilary—cuvette, S
(volume 150 ul) is filled with this solution and*the concehtr&tioﬁi?;i-'
vdetennined-by‘UV;‘ The activity concentration is determiﬁed fpr afé

known volume of the same sdlutién in a liquid-scintillation counter. .

Experiments B
In order to test the feasibility of the’suggestediméthod;
12 '

benzene was irradiated with a “c*-ion beam and the whole sample -

molecules (ca. 10_$ g) of a particular"

g). It also permits the ratio determination in conjunction .

&
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- injected on glc (CW 20M, same conditions as previously discussed).

Product peaks~were observed and the trapping of theppdeucts'was

successful also. However, the UV spectra showed large background

' absorptions'due to either column liquid-phase bleed-off or other

~effluent background making the quantitative'determination of the

12C content 1mp0551b1e Further purification was difficult for -

|
some compounds because of detectlon problems.

12

Veverthe]ess the GL—chromatogram showed that C- toluene

12C cycloheptatrlene and Zc- phenylacetylene were formed in
“much lower yields than 12 %c- d1phenylmethane and 2C~pheny1cyclo-
*-heptatriene,'and lower, also, than would be expected'from_the
corresponding 14
sors for toluene, Cycloheptatfiene ~and phenylacetYIene are

"formed on the average at much h1gher energy than the other com-

pounds or thelr precursors 1n agreement with the conc1u51ons of .

Chapter III, 4.

Calculation of the Secondary Collision Function

As in. Chapter 111, 2, the primary partlcle COlllSlon functlon

is deflned by
' % Fp N
K(E) = k(E,Ep) f k(E,e)K(e)de

where

k(L,, E)) probability that the colliding (primary)

N

C-yield ratios. This indicates that the precur- o

W
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particle of energy E; will have the

energy E, after thevcollisioﬁ
- | beam‘energy R ' _v' - . _'i “
. E , o energy'.

€ | | integration Variablg, Qnéfgy:

If thezBéam particle is:diétinguishableffrom'the target particles, -

the_secondary_collision function S(E) is defined by

S(E) = k(Eg-E,Ep) + zf S(e) k(E,e)de "+ f K(e) k(E-¢,e)de . (2)

It is assumed again that

k(EZ,El) = EI s ' (é)
i.e. that the dynamics of the system‘can’be_déscribed as if the

tollisions occur isotropicélly between free farget ﬁoiecules With?fi

masses equal to that of the beam particle. ‘

Equation (2) becomes
o

- '_‘EB o ' %B o | : N
S(E): = E}; + 2 f %S(e)de ,+. f K'(e). % de . : (4)
E . E T

' Différentiation of (4) with respect to E yields
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& opsw-k NS
" o -"I‘he solution: of '(1_) , with assumption (3), is
% ~ forE<Ey _ 7 7
K = - : B : (5_)
0 forE”E;. | SRR
The solution of (5), with K from (6), is
o b o
S(E) = -¢ * ;3—2- » , (7)
‘where D. is a constant which is determined by inserting (7) into (4)
D = 2-E , and
SE) = -L+=B (= x+sH. o @®
Since we are mostly interested in that parjt' of S(E) where
: B »> 1 , the tem - %-contributes ‘negligibly much to S(E).
. The ratio S/K is therefore |
T | C2E, | o
o K | E :
S(E) = £(E)-K(E) , where - - ' (10)

2B, - I
f(E) = _B » 1 and increases for decreasing energy E. (11)
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 In the above calculation it:was assumed that the energy of

liberating a seeondary atom EL is zero. The soiu_tion for S is o Y

th"erefofe good only if E' and E; are large compared with E .. If Ty ‘
»n

"thls is not the case the influence of EL upon S(E) can be deter- ‘

m1ned through a correctlon at k(EZ,El)

B '1-E1EL

CTEUIRES i 0 a

The integral equation for:S(E) is now

By

' E.-E e-E
ECRE- %-L- o KE) - = de
E ' o
E. - B,
| Bf“-.l"‘"B-“‘r’EL‘ R ,
+ jS(g) " de + J T E S(%) d“& e (13

- | - |
S(E) = -pt—5 (2- E%‘-)- e C-e as

F‘EI;- . exp ( - E—— ) descrlbes the dev1at10n of S(E) (accordlng to '

[8]) if EL 2 EB . In most cases, however thlS correctlon 'is
: E
negligible. exp ( - E—) descrlbes the correctlon for S(E) 1n the

- range where E2 E_L. In Flgure 37 are plotted the ratlos S/K versus

. energy for different values E"‘ (:ﬂ). "p = 0" is S(E) accordlng to
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*
nix ¥
B is the energy (in units of the
: initial energy of the beam particle)
P which is needed to liberate a secondary
10— particle from its bonded envirohment.
I
; | . | _ I
w3 0% 107! - 1
i ' E
: ENERGY, B
¢ B
S _ - : v o : o S . XBL 695-4256

“igure 37. Ratios of secondary to pfimary particle collision
density versus energy (in units of the beam energy EJ, for’

various values of .
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(8). All energies are expressed in temms of the initial energy -

EB' (This transformation also transforms S(E) and K(E); however

the ratio S/K is invariant.)

‘i-The ratio S/K is constant if E SEL; The relative change of
- S/K for EVZEL.is-approximately independent of E£~{z'This indi-

' ; R _ o B-
~ cates that not much information will be gained by determining :

12C/ C- yield ratios as a function of the 1n1t1al energy -- ’3"

except possibly an approx1mate Value for EL
Secondary collision fUnctions were also calculated for the

case of unequal masses between beam and target particles. In

this case, equation (4) has to be solved separately for separate -

energy 1ntervals. ThlS leads through a recursion procedure to

an asymptotic solution for S(E) However the more realistic

case of a target con51st1ng of a mixture of atoms with different

masses requires the solution of a system of 1ntegra1 equations
for‘the_secondary-collision functions for the different atoms.
The recursion method fails and’analytic solutions can be ob-

tained only withryery Simplifying assUmptionS' For moderator
experiments the p0551bly numerical solution of this system of

1ntegral equations ‘may be profitable

[

o]

A



<o

[\

10.

11.
12.
13,

14.

-223-
REFERENCES -

L. Szillard and T. Chalmers, Nature 134, 462 (1934).
R Wblfgang, R. N. Zare and L. M. Branscomb Sc1ence 162 818
(1968) i

B. H. Mahan Acc. Chem Research l 217 (1968)

P. S, Skell and R. R. Engel, J. Am. Chem ‘Soc. 88 4883 (1966) .

N L Sprung, S. Winsteln and W. F. L1bby, J. Am. Chem Soc 87. :

1812 (1965).

J. M. Miller and R. W Dodson J Chem Phys 18, 865 (1950)

M. A. Men21nger, Ph.D. Thesis, Yale Unlver51ty, 1968

H. M Pohllt T. H. Lin and R. M. Lemmon J. Am. Chen.- Soc

'In Press.

S. Wexler, "Primary Physicailahd Chemical Effects Associated

with Emission of Radiation in Nuclear Processes,'' in Actions

Chimiques et BiOIOgiques'des Radiatiens, Vol. 8, p. 105, ed.

Ha1551nsky, Masson § Cie, Parls 1965.

W. L. Flte Exc1tat10n and Ionlzatlon Cross Sections, in Atomiclfg

~ and Mblecular Processes, D. R. Bates, ed., Academic Press,

. 421, New York, 1962.
. Placzek, Phys. Rev. 69, 423 (1946).

P

G .
R. Wolfgang, Progress in Reaction Kinetics, é) 97 (1965).
R

. N. Porter, J. Chem. Phys. 45, 2284 (1966).

R. T. Mullen, Ph.D. Thesis, University of California, 1961,

 UCRL-9603.,



15.
. 16.
17,
18.
19.
20.
1.
2.
23.
24

25,

26.
27,
28,

29.

30,

~ in Mass Spectrometry,.Pergamon-Press London, 1959, p. 193.

-224-

. Reynolds, UCRL-8618 (1959), p. 76.

F. R |
M. A. Tuve, O. Dahl and L. R. Hofstad, Phys. Rev. 48, 241 (1935)
E. L. Yates, Roy Soc. London Proc. A. 168, 148 (1938)
E.-S;‘Lamar, W W, Buechner and R. J. Van de Graaff, J. Appl.
Phys. 12; 132 (1941). ' o .
_E.‘S} Lamar, E. W. Samson and K. Tf1Compton,*Phys.'ReV. 48, 886vf'
(1935). ) | B R
E.-S. Lamar W. W. Buechner and K. T. Compton Phys Rev. 51
936 (1939). | -
M. V. ‘Ardenne, Tabellen Z. Angew. Phy51k Bd. 1, VEB Deutscher ;
Verlag der Wlssenschaften Berlln 1962. o | -
M. S. Livingston, M. G. Holloway and C. P. Baker, Rev. Sci.
Instr. 10, 63 (1939).
 B.'A1iprandi, F. Cacace, L;.Cieri, G. Giranni, R. Masironi'and ?'
M. Zifferero, Ricerca Sci. 26, 3029 (1956).
A. G Maddock, Private:Communicatioﬁ
CJ. B Hasted Charge Transfer and Collisional Detachment, Atomlc
and Molecular Processes, Academlc Press, D. R. Bates, ed.,
p. 711,. 1962 I | .
S. Dushman Vacuum Technlque John Wiley & Sons London, 1949{f%ﬂ
W. H. Zinn, Phys. Rev. 52, 655 (1937). B |
A. G;'Sharkey, Jr., C. F. Robinson and R. A. Friedel,bin Adv. '

Amerlcan Instltute of Physics Handbook 2nd Ed » McGraw- H111

. New York 1963, P 5-151.

w,'R. Arnold,vReV. Sci. Instr. 23, 97 (1952)



i

31.
32.
33.
34,
35.
36,
37,
38.
39.
40.
41,

42.

43,

44,

45,
46.
47.

-225- |
"Handbuch der Physik," Vol. XXI, XXII, S. Fllgge, ed., Springer,
Berlin, 1956. - |

R. S. Freund and W. Klemperer, J. Chem. Phys. 47, 2897 (1967).

Handbook of Chem. § Phys., 42nd Ed., 1960, Chemical Rubber
,Publishing Company . o |

M. Inoue T. Watanabe and A. Danno Japan J. Appl “Phys. 3,

761 (1964)
R. M S. Hall Nature 187, 683 (1960)
J. W. McConkey, D. J. Burns and J. M. Wbolsey, J. Phys .;'-A

Proc. Phys. SOC Ser. 2, Vol. 1, 71 (1968).

“H. D. Hagstrum, Rev. Mod. Phys. 23, 185 (1951).

R. N. Dlxon Proc. Roy. Soc 275A 431" (1963), and DlSC Farad.
Soc. 35 105 (1963)

S. E. Kuprlanov M. V. Tikhomirov, V. K. Potapov and P Ja.

. Karpova J.E.T.P. 3, 459'(1956)
1
- C. Ottlnger, Z. Naturf. 22a, 20 (1967).
~F. H. Fleld and J. L Franklin, "Electron Impact Phenomena',

‘Acad. Press, N. Y., 1957.

R..Fucfls and R. Taubert, Z. Naturf. 20a, 823 (1965).
A. Henglein and G. A. Muccini, Z. Naturf. 18a, 753, 757 (1963).
M. Kaminsky, Atomic and Ionic Impact Phenomena on Metal Sur-

faces, Academic Press, Inc., New York, 1965.

J. A. Simpson, Rev. Sci. Instr. 32, 1283 (1961).

- Reference 21, p. 651.

H. Thonemann, Progr. Nucl. Phys. 3, 177 (1963).



48.

.49,
- 50.

51.

52.
53,

54,
55.

. 56.
57.

s8.
_‘V59.
60.
61.
62.
63.

226~

M. J.vKofdid, C. M;'Braams and P. Zieske, Rev. Sci. Instr.

36, 1415 (1965). ' L ‘ o

J. B., Hasted, Proc Roy ‘Soc. London, A 212, 235 (1952)

H. B. Gllbody and J B Hasted, Proc Roy. . Soc. London A 238,

334 (1956).
A P.:J. Willmore, Ph. D The51s Unlver51ty of London London

1955

E. Gustafsson and E. Lindholm, quoted in Atomic and Moiecular 7

 Processes,: D. R. Bates,-ed Academic Press Inc., 1962‘ p. 705'

H. van Koch and-E.. L1ndholm, Arklv for Fy51k 19, 123 (1960)
M Ca1V1n C Heldelberger J C. Reid, B. M. Tolbert and
P. S. Yankw1ch; ”Isotop1c4Carbon”, John’Wlley & Sons, New
York, 1949, p. 163. |

R. J.ICvetanovic,:Privaté Communication.

M. Ardon, "Oxygen', W. A. Benjamin, New York 1965,

R. J. Cvetanovic, J, Chem. Phys. 25, 376 (1956); 41, 3703 (1964).

F. Seitz and J. S Koehler, Solid State Physics, Vol. 2
Academic Press, Inc., New York, 11956, p. 305.

A. von Hippel, Ann.Phys. 80, 672 (1926); 81, 1043 (1926)-

- C. H. Townes,.Phys. Rev. 65, 319 (1944).

J. A. Brinkman, J. Appl. Phys. 25, 961 (1954).
M. W. Thomden‘and'R‘ S. Nelson, Philos. Mag. 7, 2015 (1962)
F. Keywell Phys Rev. 97, 1611 (1955) .

D. K. Nichols and V. A. J. van Lint, in Solid State Physics, i

‘Academic Press, Inc., New York, Vol. 18, 1966, p. 1.

L 3

b



L

64,

- 65.

66.
67.
‘68.
69,
70.
71,
72.
73,
74,

75.

76.
77.

-227-

‘0. B. Firsov, Sov. Physics, J.E.T.P. (Engl. transi;)_é,

534 (1958).

‘K. 0. Nielsen, Electromagnétically Entriched Isotopes and ,

Mass Spectrometry, Academié Press, Inc., New York, 1956,

p. 68. | o o N

N. Bohr, Kgl. Danske Videnskab. Selskab, Mat.-Fys. Medd. 18,
No. 8 (1948). .

J. Lindhard and M. Scharff, Phys. Rev. 124, 128 (1961).

J. 0. McCaldin, Nucl. Instr. Methdds 38, 153 (1965).

Yu. V. Martyneﬂko, Fiz. Tverdogo Tela. 9, 3646 (1967);

 Sov. Phys. Solid State 9, 2879 (1968).

S. Zwerdllng and R. S. Halford J. Chem Phys 23, 2215 (1955)
R. S. Bradley, in The Art and Science of Grow1ng Crystals,

J;_J. Gilman, ed., John Wlley & Sons, Inc., New York, 1963

p. 55.

R. Becker, Disc. Faraday Society, No. 5, 55 (1949).

E. G. Cox, D. W. J. Crickshank and J. A. S. Smith, Proc. Roy.
Soc. A247, 1 (1958).

V. M. Koshin and A. I. Kitaigorodski, Zhur. Fiz. Khim. 29,

2074 (1955). |
- 'S. Nikolaev,.I. S. Dimitrico, L. N. Fateeva and Ia. A. Teplova;'

'3.E.T.P. (Engl. transl.) 6, 1019 (1958).

J. Neufeld, ORNL-2365.
V. S. Nikolaev, I. S. Dimitriev, L. N. Fateeva and Ja. A.

Teplova, Sov. Phys., J.E.T.P. 12, 627 (1961).



78.

79.
80.

81.
82.

83.

-228-

R. L Wolke and V. J. Sodd, in Atomic Collision Processes,

McDowell, ed., North-Holland Publ. Co., Amsterdam, 1964, p. 700.
J. B. Hasted, Proc. Roy Soc. London A 205, 421 (1951).

Ja. Fogel, R. V. Mitin and A. G. Koval J.E.T.P. (Engl. Transl )'

4, 359 (1957) |
Jaa M. Fogel, R. V. Mitin and V: E. Kozlov, Sov. Phys., Tech. -

Phys. 3, 1410 (1958).

.Ja. M, Fogel R.. V. Mitin, V. F. Kozlov and N. D. Romashko,

Sov. Phys., J.E.T.P. 35, 390 (1959) .

‘J A. Phlpps J. W. Borlng and R. 4A Lowry, Phys.- Rev. 135,

©A36 (1964).

84,

85,
86.

87.
88..

89.

90.

G. J. Hine and G L. BrOWnell Radlatlon Dosimetry, Academic .

Press New York, 1956

QW;>p. Jesse and J. Sadauskis, Phys. Res. 97, 1668 (1955).

P. M. Stier, Natl. Acad. Sci., Natl. Res. Council Publ. No. 29,

p. 65 (1960).

H. S. W. Massey, Rep. Prog. Phys. 12 248 (1949)

N. F. Mott and H. S. W. Massey, The Theory of Atomic Colllslons
an Ed. , Clarendon Press, Oxford» England, 1952.

J. B. Hasted and A. R Lee (London Phy51cal Soc1ety), Proceed.’
Phys Soc (London) 79, 702 (1962). ‘

Ja. M. Fogel,'R. V. Mitin, V. F. Kozlov énd N. D. Romashké,
Sov. Phys., J.E.T.P. 35. 390 (1959)ﬁ S

S.- Dworetsky, R. Novick, W. W. Smith and N.- Tolk, Phys.. Rev.

~ Lett. 18, 939 (1967).

'Y

o



b

Q

92.

-229- .

' Gmelin Ha.ﬁdbuch, Kohle,nstdff, 8. Auflage, Teil B, Lie‘fg. 1,

1968, p. 122.

93.

94,

95.

9.

97.

08.
- 99,
100.
101,
102.
103,
104.

105.

106.

E. Lindholm, Z. Naturf. 9a, 535 (1954). -

A. G. Schrodt and W. F. Libby, J. Am. Chem. Soc. 78, 1267
(1956) . |

A. P. Wolf, B. Gordon and R. Anderson, J. Am. Chem. Soc. 78,

12657 (1956).

R. M. Lemmon, F. Mazzetti, F. L. Reynolds and M. Calvin,
J. An. Chem. Soc. 78, 6414 (1956). .
E. Rack, C. Lang and A. F. Voigt, J. Chem. Phys. 38, 1211
(1963). -

D. E. Clafk and A. F. Voigt, J. Am. Chenm. Soc; 87, 5558
(1965) . | s .

T. Rose, C. MacKay and R. Wolfgang, J. Am. Chem. Soc. 89,

1529 (1967).

B. Suryanarayana and A. P. Wolf, J. Phys. Chem. 62, 1369
(1958)..

R. M. Lemmon, R. T. Mullen and F. L. Reynolds, UCRL-9397

1(1960) .

A. F. Voigt, Private Communication (1968).
J. E. Willard, Am. Rev. Phys. Chem. 6, 141 (1955).
A. P. Wolf, Adv. Phys. Org. Chem. 2, 201 (1964).

~J. Dubrin, C. MacKay and R. Wolfgang, J. Am. Chem. Soc. 86,

4747 (1964).

J. Dubrin, C. MacKay and R. Wolfgang, J. Chem..Phys. 41, 3267

- (1964). .



- 107.
1 108.

109,
- 110.

111

112,
113,
114,
115.
116.
117.

118,

119.

- 120.

121.

-230-

_M.vMarshallgiC.'MacKay'and R. Wolfgang, J. Am. Chem. Soc«

86, 4741 (1964). B - B
J. M. Mlller J. W. Gryder and R. W. ‘Dodson, J. Chem. Phys |
; 18 579 (1950). o v
W. F. Libby, J. Am. Chem. Soc. 69, 2523 (1947).
“R. J Cross Jr. and R. Wblfgang, J Chem. Phys 35, 2002
(1961) . ’ | |
' Chi-Hua Hsiung, Ph.D. eTheSis';Univeréity of Michigan, 1962.
P. J. Estrup and R Wblfgang, J. Am. Chem. Soc 82 2665
-~ (1960). : "1, -
R. Wblfgang, J. Chem. Phys. 39 12983 (1963).
c. lisiung and A. A Gordus, J Chem. Phys. 39, 2770 (1963)
:A. Rosenberg and R. Wblfgang, J Chem. Phys 41, 2159 (1964)
- C. stng, K. C. Verosub and A, A Gordus J. Chem Phys.
41, 1595 (1964). |
H. M. Pohlit“'T‘"H' Lin, W. Erwin and R. M. Lemmon, J. Am.
Chem Soc (In Press)
A. P. ter -Borg and. H Klooster21el Rec. Trav Chim. 82,
| 741 (1963). |
J. W. McGowan, P. Marmet and L. “Kerwin, in Atomic"CoilisiOn_
~ Processes'', M. R C. McDowell ed., John Wiley § Soﬁs, New '}
York, 1964, p. 854, ;}

W. B. DeMore and S. W. Benson Adv. in: Photochemlstry 2,

219 (1964) .

. Dubr:m, C. MacKay and R. Wolfgang, J. Am. Chem. Soc. _Sé,

'959 (1964) .

\



'y

122,

123.

124.
125,
126,

127.
128.

129.

130.

131,
132,
133,
134.

135,

136.

- 137.

| | -231-
R. WillstHtter, Ber. 31, 1544 (1898). H
R. M. Lemmon, R. T. Mullen and F. L. Reynolds, in Chemical
Effeetsbof Nuclear Trahsformations, Vol. II, Vienna, 1961,

p.:27.

'TJ

Santavy, Chem. Llsty 47 1534 (1953)

G. Juppe and A. P. Wolf, J Am. Chem. Soc. 83 337 (1961)

W. J. Hickinbottom, Reactions of Organlc_Compounds, 3rd Ed.,

John Wiley & Sons, Inc., New York, 1962, p. 57.

V. Alder and G. Jacobs, Chem. Ber. 86, 1528 (1953).

T H. Lin, Ph D. Thesis, Un1ver51ty of Callfbrnla, Berkeley, :

1969.

‘A. P. TerBorg, H. Kloosterziel and N. VanMeurs, Rec. Trav.

Chim. 82, 717 (1963). | )

E. Miller and H. Fricke, Am. 661, 38 (1963).

R. G; R. Bacon and H. A. O;_Hill; Quarteriy Reviews, 19,
95 (1965). B - .

W. von E. Doerlng and P. P Casper J. Am. Chem. Soc. 85,
3043 (1963). |

W. R. Roth, Angew. Chen. 75, 921 (1963).

W. von E. Doerlng and W. R. Roth Tetrahedron, 19, 715 (1963)

~E. M. Milvitzkaya and A. F. Plate J. General Chem (Russ.)

32,8 8 2566 (1962).
H. L. Holmes, Organic Reactlons 4 81 (1948)

K. Wiberg and W. E. Bartley, J. Am Chem. Soc. 82, 6375 (1960)

AV, bayer, Amn. 269, 189 (1897)



LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or
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resulting from the use of any information, apparatus, method, or
process disclosed in this report.
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-——

T "43

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





