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ABSTRACT 

A 10-KV ion accelerator is described with which 14c+-beams of 

1-2 llA intensity and variable energies between 3 eV and 15,000 eV 

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

fast 14c+-ions with 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 isotopes can be simulated with this equipment. Below 

100 eV,- the dependence of the product-yields on the kinetic energy 

_can give valuable information about the mechanisms and kinetics·· 

underlying the product formation. Methods, and their 1 imitations, 

employable in this new area of chemica-l experimentation are discussed. 

The formation of products from fast 14c-ions and atoms in solid 

benzene (-196°) were investiga:ted. The yields of the seven major 

products (benzene, toluene, cycloheptatriene, phenylacetylene; bi­

phenyl, diphenylmethane, and phenylcycloheptatriene) were determined 

as a function of the beam energy. The yields of toluene, cyclohepta­

triene, and phenylacetylene strongly decrease as the beam energy 
I . . 

decreases below 100 eV, while those of all other compounds remain 

.constant.1
· The energy-independent yields indicate that the corres­

ponding products are formed from carbon atoms with 1 ess than 3 eV 

energy. At least 15% of the initially fast carbon ions end up in 

this form. The energy-~ependent; i.e. decreasing yields of toluene 

and cycloheptatriene., are interpreted as being due to the decreased 
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chance of hydrogen pick-up to form the precursors CH2, as the beam 

energy decreases below 100 eV. A similar cd'hclusion is drawn for 

the assumed precursor c2Hx for phenyl acetylene. This' indicates that 

pick-up of hydrogen or carbon extends up to 50 eV or more. At 

least 6% of the (high energh) carbon ions react.in the forinof CH2 

and 3% in the form of c2Hx. 

One additional major product (benzaldehyde- 11 U-2 11
) contains 

oxygen, posing a problem which occurs uniquely in this particular 
. ' 

accelerator technique, namely possible contamination of the chemical 
. . :. . 

system durin'g the "irradiation~~. "U-2'i's abnormal yield dependence 

on various experimental parameters (~. the yield increases three­

fold as .the beam energy is lowered from 15,000 eV to 100 eV) is . 
discussed in this context. 

A partial degradation of cycloheptatriene shows a large extent 

of isomerization, indicating that the reacting CH2 carries high 

internal and/or kinetic energy into the product. 

A method is suggested which permits the investigation of 

reactivity integrals in terms of the ratio of .12c-products to 14c­

products, the fast 12c-atoms being a consequence of the energy loss 

of the fast 14c-ions. This method may become a useful adju~'ct to 

moderator experiments in hot-atom chemistry. 

• 
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I. INTRODUCTION 

' 
1. The Scope 

Interest in hot-atom chemistry (the chemistry of fast atoms, mole­

cules~ etc.) is of both a practical and a theoretical nature. The 

isolation of artificial isotopes from nuclear transformations is faci­

litated by openi_ng chemical pathways to them which are inaccessible 

to-otherproducts, or, in particular, which are not accessible to 

their natural isotopes. 1 Through hot-atom chemical ~xperiments, im­

proved or new methods might be developed for this practical pur~o~e. 

However, high energy species enable one also to extend reaction 
I , :'. ~~:,~_.;' ~-.{' 

kinetics and mechanistics well beyond reaction energy thresholds ,\0~(':-
·-:<::~{· 

to the upper energy limit of any chemical reaction. The importance 

for the study of the general theory of molecular dynamics is obvious. 2•3 

- -
Nuclear transformations are also a means of producing atomic 

species which are otherwise available only through elaborate equip­

ment. Single carbon atoms, for instance, can be brought to react 

with chemical systems only by introducing them through thermal 

a~omic4 • 5 or fast ion~c beams, or through nucleogenesis (see Appen­

dix A). However, since the initial energy of nucleogenic carbon 

atoms is both invariable and well above chemical energies, the 

kinetics can be investigated only in terms of the state of the tar­

get material (i.e. through temperature, density, and phase depen­

dence), in terms of alterations of the primary collision density byf;\~'l 
\:~:?:\;,1/ 
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the addition of moderators to the reaction mixture, and by a third · 

method outl~ned in Appendix E. The yield, y, of a ~ompound is re­

lated to the collision density, K, through an integral 6 

E 

Y 
= ·J max r(E) · K(E ,E8 ,S) dE , 

Ea 

where r(E) is the ~atio of reaction cross section to kinetic cross 

section at the energy E, Ea is the threshold energy ("activation 

energy 11 of the chemical reaction), Em ax is such that r(E) = 0 for 

E>Emax' and E8 is the maximum energy (= .beam energy) that a fast par-

ticle can attain. That the collisfon function also depends on the 

constitution of the system is expressed by the variable S. Because 

of this integral relationship between K andy, changes in y will be­

come apparent only through large changes of K. The dependence of y 

on E8 is appreciable only if E8 is in the order of magnitude of Emax· 

The different initial energies in the nucleogenesis of carbon iso­

topes, however, is always much larger than Emax' and the dependence 

of y on E8 can be studied only with equipment which produces carbon 

ions or atoms with energies variable in the chemical range~-such as 

th~ accelerator described in th~s thesis. Accelerator hot-ato~~ 

chemistry is therefore, in general, a valid extension of classical 

(nucleogenic) hot-atom chemistry, and may also be a valuable tool in 

general reaction kinetics. 

In principle, if K is known, the kinetically interesting and 

important function r(E) can be calculated from the experimentally 

determined function y( E8). However, K is not known for most sys terns, 

·~·· 
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and only certain gross features of r(E) have been determined.? How­

ever, t~e yield functions y(E8) also give valuable lnformation about 

intermeqiates and precursors,8 as this thesis reports. 
I . 

Unlike molecular beam expetiments, where absolute cross sections 

pertainilng to specific elementary reactions can be determined, hot-· 

atom chemical experimentsyield, at best, 11 cross sections 11 in terms of 
I 

another cross section (elastic scattering) for a complete reaction, 

i.e. including also the stabilization of the product.· r{E) is there-
1 . 

fore also system dependent. In addition, both functions, i.e. K and 
I l . . 

r~ are a~erages over all quantum and configurational ~tates of the 
I , 

collidin~ systems .. All details of atomic movements are completely 

blurred.
1 

However, it is exactly for this reason that this new field 

of organ1 c chemica 1 experimentation can serve as a link between 
I 

thermal organic chemistry and crossed-beam experiments. 
I . . 

It ~s not surprising, therefore, that the interpretation of hot-

atom results uses the language and approaches of either field. Here, 
i : 

as certainly in many other areas of the experimental sciences, _experi-

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

~ifficulties of combining the results (finally obtained but possibly 
i 

adulterated by experi menta 1 compromises) with theory, frustrate prog,... 

ress towards the final goal. In approaching such a relatively new 

experimental field it is probably most profitable to first explore 

its extent and limitations rather than to pursue one particular ob­

jective in (perhaps unjustifiable) depth. This thesis is the result 

of such extensive research. 
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2. · Equivalence of the Hot-atom and Accelerator Chemistry .of Carbon 

Isotopes 

a) Atomic Parameters 

Disregarding for a moment the radiation damage that any high 

energy interaction inflicts upon the system under study, the main dif­

ferences between ion- (or atom-) beam and nucleogeni c hot-atom chemis;.. 

try are: 1) external versus internal generation, 2) different initial 

energy, and 3) different initial electronic states. 

1) If the kinetic ene~gy of the external ion is sufficiently 

high that it penetrates the surface layers of our solid benzene target 

sufficiently deeply so that the 11 Chemi cal .. interactions are with ".bulk 11 

benzene rather tha'n "surface .. benzene, there must be equivalence con-

cerning point 1). The penetration even at 200 eV kinetic energy is 

sufficiently good (i.e. more than five molecular diameters, see Chapter 

III, 1) so that ~bove this limit equivalence obtains. 

2) The interactions of fast heavy particles with matter are 

discussed in many comprehensive reviews. 9 ,10 At velocities above the 

Bohr-limit, energy loss proceeds via ionization and excitation. Be-

low the Bohr·limit, elastic collisions with whole atoms become the 

prime energy loss mechanism (see Chapter III, 1). Since the chemical 

energy range lies at least two orders of magnitude below the Bohr-limit, 

the question concerning point 2) can be reformulated: To what extent 

does the collision function K(E,E8,s) depend on E8? It can prob~bly 

be derived from general theory of entropy that the larger the number 

of statistical events involved in the evolution of a state, E from E8, 

the smaller is the correlation with the first event, which is not 
. . 

_... .. 
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statistical (the first collision has to occur at the energy level of 

entry}.ITherefore, the largerE8 the lesser is K(E,E8 ,s) a function 

of E8 . Placzek 11 has calculated the collision function K for diffe-
1 

rent values of E8 assuming only hard-sphere elastic scattering. The 

result ils that the asymptotic solution, i.e. the function K for E«E8 , 

is indep~ndent of E8 , and it is a good approximation to the actual 
I 

solution~, if E ~- 0.3 E8. Thus, as long as the initial energy is 2-3 

times the upper energy limit for chemical reactions, i.e. certainly 

b 0
1 . 1 . . . 

a ave 2 0 eV, equ1va ence obta1ns aga1n. · 

I 3) The electronic ~tate of a fast particle after slowing 

down to chemica 1 energies is the subject of a 1 ater chapter (II I, 1). 
I. . . 

It is coflcluded there that charge state equilibration is a very rapid 
I 

process ~nd that, if the ion beam energy is, again, higher by a factor 

of about! 5 than the maximum chemical energy, the fate of carbon par-
I 

. I . 

ticles from the different sources is identical. The problem concern-
1 . . . . 

ing the relative abundance of the metastable states of carbon are 

also caJon to all generation procedures, i.e. at energies above 200 

eV, thisiaccelerator and nucleogenic hot-atom chemistry are totally 

equivalent. 
I 

b) Radiation Damage. 

Nucleogenesis of 11 c or 14c is always accompanied by ionizing 

radiation which may or may not interfere in the chemical reactions to 

be studi~d. However, since 11 c is so short-lived (20 min), only a 
I 

small nutber of radioactive isotopes need be introduced for detection 

of the products. 12 Radiation levels below 0.01 eV per molecule are 

considered negligible. 
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In accelerated ion experiments such as ours ther~ is only negli­

gible Bremsstrahlung production, eVen if all ~f the ions are assumed 

to be decelerated to low energies before they are neutralized. The 

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

tum transfer is therefor~ equal to the energy of the ionmultiplied 

with the numbet of ions incorporated. during the irradiatton. At 10 

KeV energy, 1 JJA intensity, and ca. 100 JJl/hr benzene deposition (i.e. 

benzene:carbon, 104:1)', the average "radiation dose" is approximately 

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

tor 14c-hot atom chemistry, this "radiation damage" seems to have 

been attributed to the 14c~isot6pe, which is incorrect, as the follow-

ing paragraph point~ out. The reason for this error is' that most of 

the nucleogenic hot-atom chemistry with 14c has be.en abandoned in 

favor of 11 c because of the large "radiation effects" on the chemjcal 

system Which had to be tolerated in order to obtain detectable amounts 

o1 14c~labeled products. However, this radiatian damage is a conse­

quence of the. generation procedtire and ~ot of the isotope; There-

fore, accelerator 14c-hot atom chemistry ·is in general at no fundamental 

disadvantage over 11 c-nucleogenic hot-atom chemistry. 

As pointed out in detail in Chapter III, 1 and Appendi~·E, the 

initial energy of any fast particle is tra~sfered to a target by 

quasi-elastic collisions mainl~ with other carbon atoms setting up an 

avalanche of secondary carbon atoms. In a solid or liquid target, 

such an avalanche comprises a certain volume out of which the target 

molecules do not drift. Possible interference between the primary 

particle and secondary particles in this volume cannot be avoided. 

>.•.~. 

. ·-lei 
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But the overlap of the avalanche-areas of different fast particles can 

be avoided. If this is guaranteed (although it ~may not be really 

necessary) the 14c+-beam chemistry should be, if anything, superior 

to the much higher energy, 11c-nucleogenic hot.:.atom chemistry. 

To obtain a rough idea of the "avalanche-volume .. we consider a 

10 KV carbon ion which has a penetratioh depth of ca. 0.75 x lo-4 em 

and may be scattered into a cone with a generating angle of 39° (Chap- -

ter III, 1). The volume of such a cone comprises ca~ 109 benzene 

molecules. At 10 KeY the ideal ratio between benzene molecules to 
14c-ions should be, therefore, 109 or larger (from which we are far 

off). The "avalanche-volume .. , however, varies approximately as the 

second to third power of the energy, i.e. at higher energies (11 c) 

this ratio should be even much larger, while ~- at 100 eV energy 

the ratio need to. be only between 103 and 105, so that at and below 

100 eV, with the ratio of 104, our hot-:atom chemistry of carbon in 

benzene should· be free of any interference from the overlapping of 

.. avalanches". That the abovederived ratios are perhaps unneces-
-....-'--

sarily high can be seen from this (compare Appendix E): The number 

of secondary atoms created by a 10 KV 14c-ion is approximately 103 -

104. ~1ost of these secondary atoms will collide \'lith only a few ben­

zene molecules because of their low energy. Therefore, the ratio 

between benzene molecules and secondary atoms wi 11 be 104 or more, so 
' 

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

low. 
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3. Relation to Other Beam Experiments 

In the experiments of this thesis as well as most other hot-atom 

chemistry, the number of collisions which have to be considered in 
·, 

the product formation is practically infinite. The collision proba-' 

bility K is determined by the cross section for elastic scattering, 

qes' and, treated usually as perturbation, by the total reaction 

cross section, qtr~ all of which are functions of the energy. In 

order to measure them, single collision scattering experiments 

(crossed-beam, thin gas target) have to be performed. Differential 

cross sections andenergy analysis of the product beams usually per-· 

mit the detailed analYsis of the collision dy~amics due to the well­

developed theory of scattering·. 3 

If such experiments cannot be performed and many collisions have 

to be tolerated, one can attempt to compute the collision function by 

making assumptions about the differential cross sections, both reason­

able from a theoretical point of view and in agreement with comparable 

experimental data. 13 Many very specific features of these cross 

sections will be averaged over in this computation, making the colli­

sion function probably not very dependent on them. It is apparently 

because of this that collision functions obtained from probably 

grossly incorrect assumptions have been relatively useful in the 

analysis of hot-atom data. 12 With K known, the Dodson-'Miller6 expres-

sion for the yield, y~ of a compound, 

y(E) 
B 



_,. 

_.g_ 

can be used to compute 

q q 
r = = 

qtota 1 

I 

where = beam energy 

Ea,En = energy limits below and above which q = 0 

q = total cross ~ection for the reaction leading 

to the product under consideration 

E = integration variable, energy 

E = energy . 

In general ,K(E) turns out to be a function of the beam energy E8 . 

a) If K(E) is not a function of E8 , r(E) can be determined by a 

graphical differentiation of Y(E8): 

b) If the dependence of K on E8 can be expressed in the form 

= 

r(E) is obtained again rather easily: 

r(E) = 
K(E,E) 

dY 

dE 
- Y(E) · 

dlnK2 
dE 
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c) Outside these cases, r(E} h~s to be computed on a trial and 

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

calculated from the definition of r: 

q{E) = r(E) · qtotal (E) 

if qtotal (E) is known sufficiently accurately. 

Thus, i !1 conjunction \o'li th 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 the desired data. 
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II. THE ACCELERATOR 

1. Introduction 

At the outset of this work the accelerator had been in operation 

already with its main components (see Figures la and lb): ion source, 

accelerating electro'de arid first focusing lens, magnet, and target 

end. Several irradiations of benzene with 14c+-ions had been per­

formed.14 Since·a good part of this thesis deals with the technical 

and physical problems of operating this accelerator and with necessary 

changes, it is in place to mention here briefly the original objectives 

and considerations that the designers had followed (1959): 

a) The Objective15 

A beam of 14c+-ions of kinetic energy between<l and 5000 eV 

with an intensity of approximately 1 llA was the objective. Such a 

beam would produce approximately 2 x 104 dpm activity per hour in a 

product of 1% yield (with respect to the toti:il incorporated activity). 

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

allows for further poSsible low yield processing~ such as chemical 

degradations. 

b) Implementation 

Among the many types of available ion sources, some of which 

were able to deliver several rnA beams, the capillary-arc type16 was 

chosen because it was at that time considered the
1 

only one which 

would produce a sufficiently intense beam together with a sufficiently 

small (<1 eV) energy spread. (A small energy spread is necessary in 
I 
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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 

meaningful.} Sep~ration of the 14c+-ions from other ions was to be 

made in a magnetic sector field which required that the kinetic 

energy was >1000 eV. The capi 11 ary arc chamber was known to 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 to be controlled by appropriate deceleration 

immediately before impinging upon the target. This was to be achieved 

by raising the elettrically isolated target and target box whose en­

trance aperture was covered by a fine wire grid (fl) 2 mil, 10 mil 

spacing) to the appropriate decelerating potential. 

- -- --- -- l,foweve-r-,----the---r-e.a-1-i-zatt on-of-the_JJ]entione_d_ obj_e.ctj_v_e.s_w_as_ .bes_e_t ___ _ 

by many problems: 14 The striking and maintenance of the arc was 

difficult, the length of irradiation too limited due to short fila-

ment lifetime, and the beam intensity at the target, particularly at 

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

form reproducible experiments in hot-atom chemistry, 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 were to be built again today, it would 

be designed quite differently. The prime interest was, hml/ever, 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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of the accelerator and, for the same reason, the apparatus may appear--

to' today•!) knowledge--awkward; if not clumsy. Figure la shows a sche­

matic diagram of the accelerator. 

2. The Ion Source 

The ion-source is of the metal-capillary type. It and its glass 

. h. "b . .f 1 16-20 vers1on ave been descr1 ed 1n a ew ear y reports. In most 

cases thi's type has been used for the production of high energy proton 

beams with 1-10% eJficiency. 21 ' 22 Besides this relatively low effi­

ciency (for protons) the main drawback was the di ffi cul ty and unre-

1 i ability of operation. Seemingly, it was used for the production of 

carbon beams only on a trial basis. 17 

C+-ion beams for 14c hot-atom chemistry, i.e. with about lllA 

intensity, have been employed by Aliprandi et ~. 23 and Maddock. 24 

The first group used a magnetically confined hot-filament discharge 

as ion·source, the latter•s ion source is not known. c+-ion beams 

of much smaller intensity for various applications have been obtained 

from a variety of sources. 25 

·Most of the observations. with capillary arcs described by others 19 

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

ciency, its relatively large energy spread (see Chapter II~ 5), and 
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its difficult operation it might soon be replaced by a more modern 

ion source. 

A schernati c of the arc chamber i.s shown in Figure 2a. A hot 

filament supplies the electrons which, after acceleration by the 

field between filament and chamb~r wall, ionize the atmosphere. Due 

to the impact of the positive ions which are accelerated .into the 

cathode, more electrons and positive ions are generated and a regular 

discharge develops. When the potential of the anode and wall are 

raised sufficiently high and when the pressure is increased to about 

50 Jl, the p 1 asma is drawn through the capillary towards the anode. 

(This latter operation is in the following referred to as 11 Striking" 

of the arc in the narrower sense.) The arc isnow in its normal 

operating condition, the pressure can be lowered again to 10-50 Jl, 

dependfng.on the gas used. The metal wall acts like a gi~nt probe 

and mainly serves to increase the current density and consequently 

the ion density of the constricted plasma, i.e. in front of the ex­

traction orifice on the side of the capillary. 

a) Filament 

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

heated filament (usually a l/16" x 5/1000 11 Rhe-strip, spot..;·soldered 

on stainless stee 1 rods) did not pro vi de a continuous source for 

electrons. Due to sufficient heat-cond~ction in the surrounding 

atmosphere, the temperature of the filament fluctuated with the fre­

quency of power input, 120 Hz, around an average va 1 ue. The tempera-

' ture was, therefore, during cer~ain phases of the oscillations, low 

·enough to stop or at least subs~antially decrease thermionic emission. 
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Figure 2a. Arc chamber, schematically. 
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CBB 691-644 

Figure 2b. Arc source (lower left) ; magnet yoke (upper right). 
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Since this type (low pressure) arc is maintained primarily by an ex­

ternal supply of electrons fro_m an externally heated filament, the 

discharge changeq its characteristics with the changing filament tem­

perature. Proof for this situation was obtained when a complex 

energy modulation (30-40 V p.t.p. at 120Hz) of the beam was observed 

at the discriminator slit.(se~_Figure 1) passed the magneti~ field 

(see Chapter II, 5): Apparently, the plasma (bulk) potential from 

which ions are extracted varied in a complex manner according to the 

intensity pulsations of thermionic emission. After provision of de­

heating of the filament, most of this modulation ha~ disappeared, the 

remaining modulation being due to the ripple on other power supply 

outputs. The adjustable dc-pow~r supply delivers maximal 750 W, with 

25 amp maximum current. However, most filaments require only 10-15. 

amps (decreasing with age) at 5-8 V. The thermionic emission is .then 

approximately 500 rnA .. The maximum current ripple is 0.1 amps p.t.p. 

at 10 amps load. 

2) Lifetime. At the same time with the change tb de-current 

heating, the lifetime of the filament, around three hours before, de­

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

11 Striking 11 the arc. This and the large arc current peaks observable 

during 11 Striking 11 of the arc immediately led to the solution of the 

lifetime problem: Most electrical discharges exhibit, at least over 

a certain range of arc parameters, a negative voltage-current 

characteristic, i.e. are electrically unstable. By switching in 

series with the arc impedance a sufficiently l~rge real impedance, 

the overall load to the arc power supply has a positive characteristic 

... 

' JJ 
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and the system is stable. However, when the.arc current is limited 

by the 1 i mited emission of electrons from the hot filament, no such 

.external stabilization, or very little only, is needed. An arc with 

an ac-heated fi1 ament may be current-1 imi ted on the average over the 

ac-cyc 1 e and may therefore not require extensive extern a 1 stabil i­

zation. A 300 n series ·resistor h
1
ad, therefore, been found adequate) 
I 

previously. However, during the a,c-phases of high emissivity the 

arc was temporarily unstable and high current spikes were apparently 

able to develop. Such currents are known to cause local heating of 

the cathode to such an extent that evaporation of the filament 

material may result. After changing to de-heating, however, the 

---------,--·e-l-ect~o-n-emi-ss-ion-was-cons-ta:n-t.,-and-tbe-p~e-v-i-o.us-ctir-i~ent-Jj_mj_t_i_ng,_----,----------'-­

phase of the electron emission was missing. While the arc was rela-

tively stable once it was 11 struck 11 
·' it exhibited a violent phase 

during 11 Striking 11
: The arc current jumped for a moment up to more 

than 3 A and the filament current meter registered a change by 

several1 amps. After a few repetitions of this striking procedure, 

the filament was burned out because of vaporization of the filament 

material. The same process, only with less intensity, yet periodi-
1 . 

cally w.ith 120 cycles and aided by some 10 J.IF filter capacitors 

(which acted here as a short-lived, high current source), is believed 

to have been the prime cause for the short filament lifetime of 3 hrs 

or less, previously found with ac-heating. 

After increasing the external resistor to 1000 n, the current 

spikes were sufficiently small and the lifetime jumped to around 25 

hours and seemed to be independent of the frequency of striking the 

~. 
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arc. The 1 ifetime seems to be 1 imited now by ordinary sublimation · 
' 

of filament material aided possibly by chemical ( 11 getting 11
) inter-

actions with th~ atmosphere or plasma. 26 Howeve~, the limitation is 

not serious since after approximately 25 hrs operating time the whole 

arc chamber has to be disassembled and thoroughly cleaned, at which 

time filament replacement is quite opportune. Similar life spans of 

filaments under comparable conditions have been observed by others, 
. 27 

too. 

3) Material. It was recognized at the same time that the 

filament material had rio apparent effect on the lifetime, contrary 

to earlier reports. 14 The claim that Rhe also has the advantage of 

not forming a carbide, 28 the main cause for the brittleness of tung­

sten and presumed cause for emissivity fluctuations after brief 

usage, is incorrect. This was shown by the inability to dissolve 

all of a used Rhe filament in concentrated HCl. A shell of, most 

likely, a Rhe-carbide persisted. It is true, however·, that a used 

Rhe-filament is far less brittle, and therefore less likely to break 

under mechanical stress than tungsten. However, the ease·of availa-. 

bility and mounting of tungsten wire, a stock material, dictated the 

use of tungsten as filament material. Another possible advantage is 

that the rate of evaporation of tungsten is about 150 times lower 

than that of phenium at equal thermionic emission. 28 Barring any 

chemical effects, this should make a tungsten filament more long­

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

. However, no large difference from tungsten was apparent. 
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4) Geometry and position. Yet another phenomenon turned out 
I 

.i 
to be of importance: Breakage of filament, whether rheni urn or tung-

sten, always occurred at a place least expected--near the holding 

rods (see arrows in Figure 3, b). -
1
Inspecti on of the fi 1 ament after 

some intermediate operating time showed a definitely decreased thick-

ness in the same areas. Most likely, 'these were also, and not the 
I 

tip, the area of most intense electron emission at that phase of 

filament life. (Comparisori with Figure 2a shows that the initial 
' 

a.rc, between filament and wa 11 , wou'l d be 1 oca 1 i zed at quite a dis-

tance from the entrance to the capillary--thus increasing the diffi­

culties of "striking" the arc through it (see Chapter II, 2e). In 

··-

---~--------,-~o-r-.de-~to-a-l-1-e-v-i-a-te-tbese-d-i-f-f-i-cu-l-t~-e-s---tl:le-em~-S-S~i-On-was-usuaJ-ly-in=-----,-----~ 

creaseq by incr;easing the filament current, thus accelerating th.e 

consumption of fil~ment material. It was, however, th~ problem of 

,. strikin~ the arc at late stages of the filament life and not the 

desire to lengthen the lifetime that led to the investigation of 

this phenomenon. Usually, the filament was mounted as shown in 

Figure 3, b. Protection of the area, indicated by arrows, by ceramic 

tubes did not improve the situation very much. Finally, since it was 

felt that the consumption of the filament material at these points 
. i 

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

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

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

arc at a 11 fi 1 ament ages and eventua 1 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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the shape of the filament, or whether it is round wire or strip, has 
I 

any effect upon the arc operation. 

Lamar et a1. 19 had found that the distance of 'the cathode (and 

anode) must not be too large for smooth arc operation. To ·investi­

gate this effect and in the hope that the early 11 Striking 11 and milin­

tenance difficulties could be alleviated, the filament was mounted 

on an actuator with. a travel of ca. 1.5 em along the capillary axis. 
. I 

. The result. was. that at a distance of 1-2 mm between fi 1 ament and the 

capillary entrance the arc 11 Struck 11 very easily. However, the energy 

spread in the ion beam (see Chapter II, 5) \'las increased at the same 
I 

time (which .was undesirable). Only at distances greater than 2 em 

d-i-EI-t-he-s~tr-i--k-i-n§-become-ma-r-ked-l..y_mo.l:e_dj_f_f_i_cuLt_. Th_,.,_e_f,__l,_,· 1'-"a,_m=e,__,_n t~--___:_ _____ _ 

capillary distance was therefore held between 0.5 and 1.5 em. 

The fi 1 ament can easily be r.emoved and replaced by a new one so 

that the accelerator is back in operation after not more than 30 

minutes (if not too good a vacuum in the accelerator is required). 

b) WaJl-voltage Power Supply 

Previously, the voltage of the arc chamber wa 11 with respect 

to the cathode was supp 1 i ed from the anode through a 40 K Q resistor. 14 

By increasing the output of the anode power supply, both anode and 

walJ potential were raised until the arc struck, causing a larger 

current across the external series resistor and lowering both poten­

tials simultaneously. 

For several reasons it was found advanta$eous to be able to ad­

just the wall voltage independently: 
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1) Previously, in order to obtain sufficiently high wall 

voltages (which is necessary for 11 Striking 11
), the voltage drop 

across the 40 K n resistor 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 imniedi a-

tely after striking. 

2) Higher arc stability and resistance to breakage, caused 

by occasion a 1 dis charges (see Chapter II, 2e), was observed at 

higher wall voltages than those obtainable with the a~ove set-up . 
• 

3) The energy of the ions depended somewhat on the wall 

voltage (see Chapter II, 5), and it was expected that a more stable 
' wall voltage would also stabilize the energy. 

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

the wall voltage. An adjustable wall voltage was expected to allow 

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

et E_!_. 19 with H2 as feeding gas. 

A power supply was therefore built which delivers up to 120 V at 

1.5 A de, unregulated, with a ripple of 0.25 V p~t.p. at 400 rnA. Be-

fore striking the arc the filament current is adjusted so that at 

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

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

is raised above 100 V the arc strikes through the capillary. The 

wa 11 voltage can now be adjusted between 0 and a va 1 ue 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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above a certain limit the anode voltag~ begins to rise also, staying 

ca. 40 V above that of the ~Ia ll ; the arc current, i .. e. the current 

across the anode, drops. 

The effect of varying the wall voltage upon the beam output are 

ve'ry complex . 19 The main effect is the decrease of the energy spread 

with increased \'llall potential and the higher arc stability. The 

effect upon the intensity is small if the anode voltage is high. 

With wall voltages up to 120 V available, the 11 Striking 11 is very 

easy even at 1 ow gas pressures. Thus the avera 11 consumption of gas 

14 ( C02 !) is greatly reduced. 

c) Anode 

Since the voltage ripple on the anode poWer supply output~----~­

under operating conditions was several volts, an LC-filter was 

switched in series with the arc load. This decreased the ripple to 

ca. 0.15 V p.t.p. at ca. 100 V and 400 rnA between cathode and anode. 

Thus, the potential of any point in the arc discharge with respect 

to the cathode was time independent within 0.2 V p.t.p., unless high 

frequency oscillations appeared (see below, II, 2e). 

The influence of the anode/capillary distance was investigated 

also by mounting the anode on an actuator with the same travel and 

direction as that of the cathode. Only if the anode was closer than 

1-2 mm to the capi 11 ary was there an· adverse effect upon the stabi­

lity of the arc, i.e. the minimum operating pressure was larger (see 

Chapter I I, 2d). 

The shape did not seem of any influence. It was only to in­

crease its area that it was given the cup shape (see Figure 2a), 
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b~cause it was noticed that the anode accumulated an insolating de­

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

that an increased area would lengthen the time between the necessary 

cleanings. However, the speed of accumulation seems to be dependent 

on so many factors that it is not possible to tell whether the hoped 

for effect has materialized. 

The accumulation of deposits, probably particularly on the 

anode (see Chapter II, 5) has a profound effect upon the energy spre~d 

and the true mean energy .of the emitted ions. The spread increases 

strongly, and the mean energy can decrease by as much as 10 eV. 

Figure 4 depicts the current-voltage characteristics for this 

capillary arc (somewhat schematically). 

d) Gas Supply and Efficiency 

Gases are supplied from reservoirs at 10 to 50 mm Hg pres­

sures at ground potential. They are insulated'from the arc chamber 

(at high voltage} by ca. 20 em long, 7 mm O.D. glass tubes. The 

pressure in this glass tube has to be either sufficiently small or 

sufficiently high to prevent glow discharges from striking across 

it., 29 e.g. co2 h~s to be kept above 5 mm Hg, Ar above 50 mm Hg. A 

needle valve at the entrance to the arc chamber regulates the gas 

flow from each reservoir. 

In order to monitor the gas pressure inside the arc chamber, 

a thermocouple gauge (Hastings 'T', 1-1000 ll),was te-ed into the 

gas supply ltne near the entrance to the arc chamber. The power 

supply for this thermocouple gauge, of course, is insulated to TO KV., 
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Figure 4. · Arc operating characteristics for different states of 

the arc chamber surface and for different arc atmosphere pressures. 
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A check showed that the arc chamber pressure at the location of the 
I , 

filament was equal to the pressure measured in the gas input line 

within ihe error limits of the instruments. 
I 

With two separate gas reservoirs, the actual feeding gas can 
! 

. I 

be mixed, if this is desired, just prior to entering the arc . I 

chamber.: This may be necessary for 11 difficult 11 gases, where support 
i 

gases, a:s Ar, have been found to faci 1 i tate the operation. 

It ~as also found that admixtures of He to co2 in ratios up to 

5:1 did 'not make the operation of the arc much more difficult, i.e. 
I 

the mini~um pressure in this mixture was not much higher than that 
I . 

for pure C02 (see Table rj, while the C+-beam intensity remained 
' 

unaffected. 
i 

That is, the efficiency increased by approximately a 

factor o~ five since the co2 flow rate and partial pressure were 
I 

decrease~. This He-effect has been found also by others in H2 and 

in different ion sources. 30 
I 

For1 pur~ gases the beam intensities depend on the pressure as· 
! 

indicate:d for c+ from co2 or CO in Figure 5. At the minimum 

operating pressure, luckily, both the beam intensity and efficiency 

are maximum. The ion output also increases with increasing anode 

voltage,; i.e. in the positive characteri~tic region (compare with 

Figure 4). The arc is therefore always operated at minimum pressure 
I 

and maximum arc voltage, although this is a rather unstable condi-

tion. The maximum c+-ion beam at the target is ca. 2 ~A. The yield 

is, therefore, with 1 x lo-8 mol~s/sec co2 feed at 20 p : 0.2%. 

With admixtures of He,· this yield can be increased to 0.5 - 0.8%. 

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

it is the highest ever reported. 



Gas ' AV AC wv 

He 60 360 0 

Ne3) 60 350 0 
---
Ar 50 360 0 

Xe 30 360 0 

H/flr(l:l) 50 360 0 

N2 50 300 0 

Q5l 2 65 300 0 
C]61···- -· 

600 300 100 2 ---···------- r---·-
C02 50 350 0 

co 70 360 0 
---
CH 4 80 300 100 

HC:CH 50 350 0 
-·--··· 
CH2c1 2 50 350 0 

AV = Arc voltage (V) 
AC = Arc· current (rnA) 
WV = Wall .voltage (V) 
we = Wall current (rnA) 
p = Pressure (11 ) at which 

intensity of ion beams 
is determined. 

----· 

-

.. "' 

we p Pbreak 

0 300 110 
'· 

0 50 17 

50 8 5 

20 5 1 

0 20 15 

0 45 17 

0 60 50 

300 60 40 ____ ..:. 
-·-

0 25 20 

0 15 15 

200 170 150 

TABLE I 
Typical Arc Condit~ons 1 ) 

Majof Ion Beams 2) ( uA) P strike Remarks 

300 He+ :10. / 

45 Ne+ :10 I 
The WC increases to 700 shortly 
before striking 

15 A/:20 I . 

5 (>2o/'T 

20 
+ I + + 

H :0.5; ~ 2 :1; HJ :0.3 

50 + it-N :2; N2j :15 

100 + it-
0 :1; 02[ :15 

60 I 
40 c+:l-2; jo+:l; co+:l5; co/:5 

+ I + + . 30 c :1-2; 0 :1; co :.15 

170 H+·l · H 1+·3· H +.1 · C+·O 1 · C~+·O 5· 
0 

' 2 • ' 3 • ' .• ' .. ' 

+ I + + CH2 :1; CH3 :2; CH4 ~5 

-

-· 
CH+:0.31 M24_26 :10 0 30 15 40 These conditions for 1:1 Ar/CH2Cl 2; 

·-- pure CH2Cl2: Pstrike: 100 u·; 
0 30 15 20 I however, no stable· arc resulted. 

1) These are operating conditions .. Conbitions before striking of arc: WV, lOOV; HC., 500; 
P, Pstrike; AV, 300-700V; AC, 0. / 

2) Estimated from e/m scans behind the tliscriminator slit (Figure la) 0.3 mm wide, at arc -

conditions as indicated. I 
3) "Spark chamber gas", contains 10% He. 
4) At 4ooov acceleration1 maximum mass to_pass through discriminator slit,at 3500 gauss: ca. 50. 

5) From Pacific Oxygen, 99.6%02 (2000 [ppm Ar). ·. 
6) From t·1atheson Co., 99.5% Cl2. 

1 

' 

• ·~, 
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w 
0 
I 
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Figure 5. 14c~eam intensity at the target versus arc atmosphere 

pressure, ·schematically. 
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Another advantage of the two-gas reservoir sys tern is that the 

transient higher pressure usually needed during 11 Striking 11 can be 

supplied by the 11 easy'1 (see Table I) and inexpensive Ar. Thus the 

14co2 pressure is always kept at the minimum operation pressure, 

and Ar is admitted for a short time only for striking. This, too, 

decreases the consumption of 14co2 considerably if frequent re­

striking should be necessary . 

. The gas· consumption is monitored by 0 - 50 mm Hg pressure gauges 

(Wallace and Tiernan) connected with the reservoirs whose volume had 

been determined (0,63 - 1). The relation between gas flow, dn/dt, in 

mo 1 es/sec, and pressure decrease, dp/ dt, in mm Hg/sec, is therefore 

dn 

dt 
= 3.4 X 10-S dp 

dt 

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 arc 

chamber pressure increases to and beyond ca. 100 ~· At 20 ~ the 

flow rate for 14co2 is ca. 1 x 10-8 moles/sec and approximately 

pressure proportional up to ca. 200 ~. Other gases (Table I) exhi­

bit similar {within a factor of two, equal to that of co2) flow vs 

pressure curves. 

e) Genera 1 Performance of the Ion Source 

1) Different arc chamber charges. It was hoped that this 
' 

ion source would also produce, with sufficient efficiency, other 

/ 
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ionic species from other ~rc chamber charges, in particular 14cHx+ 
' 14 

ion beams from CH4, with x = 1 , ... 4 for low energy interaction . 
123 

studies. This source was , therefore, tested for different charges, 

and Table I gives a summary of this brief survey. 

It is surprising to find that H2, CH4, and other hydrocarbons 

are relatively 11 poor 11 arc gases, since this ion source had been ori­

ginally designed for the production of H+.lS,lg However, we believe 

that relatively minor changes,· for instance in the geometry of the 

arc chamber, might make it a more efficient source for these ions. 

This belief is encouraged by a lack of reproducibility of conditions 

for these gases, a similar situation as existed 6riginally for co2,14 

which established itself_as a good arc gas after extensive investi­

gation of the respective arc behavi~r. The ion beam intensities 

were measured at the discriminator slit (Figure la) by scanning 

the magnetic field, and by recording the voltage drop across a 100 K 

D resistor from an intercepting plate on a 5 mV - 100 V Moseley recor­

der. Corrections for secondary electrons were not made. 

2) Radi a-frequency oscillations. Radi a-frequency oscill a­

tions are common in ionic plasmas. 31 Such oscillations can be 

generated in this source with all gases and for a variety of arc 

conditions. A clear-cut relation between these ·and the oscillations 

could not be observed. The osci 11 ati ons were undamped, or damped 

and pulsating at irregular intervals. The rf-frequency, however, 

~Jas always rather constant at 0.6 MHz. Amplitudes ranged up to 5 V 

p.t.p. As described in Chapter II, 5;these rf-oscillations may or 

may not have an appreci ab 1 e effect upon the mean ion energy and the 
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energy spread. This, again, depends on arc conditions in a very 

complexway. In any event, it is necessary, in low-energy irra­

diations, to continuously monitor the rf-level of the source, since 

during any irradiation conditions may develop (~. because of the 

slowly changing thermionic emissivity of the arc filament) towards 

excitation of oscillations. The rf-level is monitored by coupling 

an oscilloscope through a 1 nF, 10 KV capacitor directly to the arc 

chamber body. Apparently, a 1 arge inductance of the rather long 

connecting high voltage cable prevents the shunting of this signal 

through the output capacitance (0.1 uF) of the acceleration voltage 

power supply. In the absence of rf-oscillations, only a ca. 0.3 V 

-------'-----c---~p-~·t-;-p-. '-'-has-h_!!___(-no~-s-e.j--=i-s-gene.~ated_b.y_tbe_ar_c .. ___________ ____:_ __ _ 

3) Difficulties in striking and maintaining the arc discharge. 

a) Deposits: It was fourid that after ca. 30 hrs opera­

tion time in co2 , particularly the narrow capillary, but also the 

anode~ had to be freed from insulating deposits. This is achieved 

by the use of fine mechanical abrasives. All deposits cause great 

· difficulties and may even prevent the striking of the arc. A clean 

arc cha~ber allows current adjustment over a wide range (see Figure 4) 

without arc breakage .. With deposits present, this range is greatly 

decreased and the arc voltage alwyas appears higher than usual at the 

same current. Sometimes the anode voltage rises slowly on its own 

. from 70 to 120 V before the arc breaks. With deposits, the arc ·can 

usually not be run at the minimum pressure. 

With sonie gases, such as hydrocarbons, the build-up of deposits 

seems quicker than with gases like co2, CO, N2, o2, etc. 
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b) Discharges: In this state, i.e. with deposits in 

the chamber, the arc is also very sensitive to external influences; 

for example, occasional minor discharges in the beam region (due to 

surface charge build-up). Such a discharge almost invariably caused 

the breakage of the arc and produced another discharge between the 

arc chamber body near the· extraction hole and the extraction elect­

rode (see Figure la). This secondary discharge caused the build-up 

of 'deposits on both surfaces, which in turn gave rise to secondary 

~lectron emission and further discharges. Thus, finally, the arc 

could be maintained only at rather high pressures. 14 The accumulation 

of surface charges in the extraction region is prevented, or at 

least substantially decreased, by periodical cleaning (with liquid 

metal ~olish) of all surfaces and/or by coating them with carbon 

colloid ~~~quadag 11 • 

With all the previously mentioned stabilizing factors, clean 

arc chambe~i and clean beam el~ctrodes, the arc can ~e maintained. 

for several hours at low pressure without interruption. This is not 

only expedient for 14co2 economy, but it is the precondition for 

meaningful low energy irradiations which, too, last several hours 

and which require that the true mean ion energy which is a sensitive 

function of the plasma conditions remains constant within approxi­

mately 1 eV over at least the same period . 
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3. Th~ State of the Carboh Ions 

Although no explicit information is available on the state of 

-the fast carbon particle after it has been collision-slowed into the 

chemica 1 energy range in the target materia 1 , it is of genera 1 

interest to know the state that' a carbon ion attains under the 

pres·ent conditions of formation ·before it enters the target. In 

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

energy this will be of importance to the energy spread:· The prob­

lem is complicated because of the possibility of chemical reactions 

(resulting,~· from bimolecular collisions) in the arc source. 

The mean free path at 20 ll pressure, approximately 0.5 em, is com.,. 

~-~---,----parable-to-the-a-re-a-i-men-s-i-ons-,-and-ene-has_to_e.xp_e_ct__rnan.x----=co"'--l,__,l,__,i-""'s__._i -=-o,_,_,ns,__ ____ _ 

before an ion ~iffuses into the extraction channel and leaves the 

arc. On the other hand, these ch~mi ca 1 reactions may be the reason 

for the relatively·high yield in the formation of carbon ions from 

co2 or cp .. There are many ro~tes by which·c+-ions are formed from 

co2 in an ionic plasma as ours. For some of the elementary reactions 

which are involved in these routes, detailed physico-chemical data 

are available. These permit one to tentatively piece together the 

chemistry as well as to deduce the possible electronic state of 

the carbon. ion. 

Primary reactions: 

e + -C02 -~ C02 + e 

AP (eV) 

12-15 

14.4 

( 1 )32 
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26.6 (3)34 

Co e CO ++ 2 ~ 2 42 (4)35 

Reaction (3) is probably the prime source for c+ from co2. Inoue 

et ~. 34 believe that this reaction involves the $equence of spon-

taneous decays 

co/ -~ co+ + o -~ c+ + o + o (3a) 

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

. 36 
McConkey et ~· have crossed a co2 beam with an electron beam 

with energies between 20 - 1000 eV and have been unable to detect 

any radiative states of C, 02, and CO. While this experiment does 

not rule out the existence of metastable states of these fragments, 

it makes them unlikely. The carbon ion is, therefore, most likely in 

its ground state (2P). 

The large cross section (2 x lo-16 cm2) of reaction (1) and its 

low AP make this reaction another possible source for carbon ions 

via the following sequence: 

AP (eV) 

co e c+ (2po) + o* (lo) 22.8 (5)37 

e c+ (2po) * 20.9 (6}37 + o-

Hagstrum determined the energy distribution of C+ from CO and found 

for (5) and (6) a mean energy of zero, with an energy spread of ca. 
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2 eV, somewhat tailing towards higher energies. 37 This reaction 
I 

certainly is the main source of c+ from CO. 

On the other hand, Dixon observed that most of the emission 

from a discharge in co2 was due to co2+ ~8 This, together with 

Kup.rianov et ~· •s interpretation of collis.ion disintegratio_n 

broadened odd-mass peaks from C02 as being due to39 

co + 
2 

C02 + + 
_ ___,;:~> c + 0 (7) 

+ . + make this possibly another major source of C from co2 since any co2 

certainly undergoes many collisions .with co2 molecules before leaving 

-----:-.:__c__-~----t:-he-s-o u-r-ee-. -IJn-fo-~una-teJ-¥-,-no~e ner__gy-:-me_asJJJ~_eme n ts have been made at 

these c+-beams. 

Another route may be the decomposition of co2 ++ from (4) . 

Several authors 40-43 conclude that co2++ decomposes b,y the following 

sequence 

co ++ 
2 

co +*_ 
2 

2 co +* 
2 

co+ + 0 (spontaneous) 

(8) 

(9) 

If c+ is formed from this sequence it should obtain a high energy 

since CO+ does (5 eV). 4° Field and Frankl~n41 obs~rved indeed a 

high energy tailing in the c+ peak believed to be made from co/+ 

The observation that the most intense ion beam extracted from 

CO in this ion source (see Chapter II, 2) is CO+ seems to make (3a)-2 

and possibly (8) and (9) dominant reactions in this plasma. Howev~r, 

·>f-' 
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it is questionable if the cathode fall, probably·the only discharge 

region where electrons can gain very high (>30 eV) energies, is large 

enough to provide 42 eV electrons for the appearance of co2++ 

From the presented data, it is reasonable to conclude that 

reactions (3a) and (2), followed by (7), are most likely the main 
. ! + 
sources for C from co2. + Most of the C ions are in the ground · 

state (2P) and 
! 

their initial energy spread may be ca. +leV. 

Rea~tions (5) and (6) are 

from CO. Another contribution 

co++ + co 

+ undoubtedly the ~ajar sources for C 

is likely to come from43 

( 1 0) 

It is noteworthy in this context that the arc conditions and c+­

producti6n efficiency are almost exactly identical for co2 and CO as 

source charge. The conclusions concerning state and energy of the 

+ carbon ion from CO are the same as for C from co2. 
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4. The Kinetic Energy and State of the Carbon-atom Beam 
I I 

In a few- irradiations the ion beam was neutralized by charge ex-

change at a W-wi re. grid {~ l mil, 1 0_ mi 1 spacing).·· Conn~cti ng to the 

previous chapter the state and energy of this atomic' carbon beam is 
" discussed. · 

The phenomena of ion impact-on metal surfaces 'have. been reviewed 
I . , . 

by r~. Kaminsky in Tg63. 44 No comparable data have, in the meantime, 

become available which deal with the specific question 6f the energy 

and state ~fan atom beam produced in.tbe ~bov~ manner. The pro~ 
i 

cesses leading to the production of these atoms are a function of: 

the' kind, state, and energy of the ion; the angle of incidence, a; 

------'------and~departure-, e,w1-th-res~pee-t-t-o-the~s-u-Pfa-Ge~ne-r-ma-l-;.._,a.nd--the~ldnd _____ _ 

and state of the metal· surface. It is wel_l known that metal ~urfaces. 

accomodate layers of.residual gases from the vacuum atmosphere, and 

also accomodate incident beam particles. · 

a) Kin~tic En~rgy 

Figure 6 shows an approximately scaled schematic of the neu­

tral beam experiment. It shows that, i~ general, for the neutral 

beam particles, collected at target, T, the angles of incidence on 
I 

the metal surface are large, i.e. between goo ana approximately 45°~ 

The same is true for the arigle of departure. However, as will be 

· argued, the predominant contribution probably arises from graZing 

angle collisions, i.e. a"' a"' goo. 

The problem is disected best along the two categories of "re-

flection" and "scattering". Neutralization may occur in both models, 

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

· . ..,., 
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Figure 6. Neutralization of the 14c+-ion beam by grazing collision 

with a metal surface. 



-42-

a chain of interactiohs, in particular, scattering of the neutral 

particle at another metal atom. It is fairly well established that 

the scattering properties can· be described as occurring between the 

incident ion and an isolated metal. atom if the incident ion energy 

is large compared to the metal atom.binding energy ("'10-20 eV). If 

neutralization occurs via this 11 scattering model 11 it is connected 

with a small angle of deflection and practically no kinetic energy 

loss. This is generally observed in scattering of ions in 1ow pres~ 

sure gas targets. The possibility of subsequent collisions with 

other metal atoms should be small for 11 grazing 11 collisions (a"' 90°) 

and should increase ~s this angle decreases~ Hbwever, the probabi-

-------,~-~---1 Lty_fo~_catte_r:i_n_g_j_o_(o_an ang_lg_ __ J~errni tti ng. th.e atom to reach the 

target should decrease when a decreases. Furthermore, the probabi­

lity that the ion or atom gets 11 Stuck .. on the surface in'creases as 
I 

the collision departs from .. grazing... Therefore, in this mode 1 , 
I 

neutraliiation should proceed predominantly with ugrazing 11 angle 

of co ll i s ion. 

Neutralization can occur under 11 reflection condition .. , i.e. 

when a "' e, only if the projection of surface irregularities (height 

d) in the direction of inGidence is smaller than the wavelength, and_ 

if the contact time is small compared to vibrational periods (lo- 13 . 

sec). The latter is fulfilled considering the time of approximately 

10-15 sec for the ion to traverse a lattice atom separation. The 

first condition requires an angle of incidence within 10-6 rad of goo.· 

(This is calculated from d · cos e <A, ~ith d"' 10-5 em; A= 10~ 11 . 

em, the deBroglie wavelength of Cat ca. 1 KeV kinetic energy)~ 
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Energy changes under these conditions seem to be due only to electronic 

transitions. Important are the differences between the recombination 

energy of the ion and the work function of the metal surface, about 

5 eV; in addition, Auger-effects can produce secondary e 1 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 mean energy of 

ca. 8 eV. Thus, one cay say, whatever the mechanism of neutralization, 

the loss of kinetic energy is small compared to the 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 with this problem. To judge from 

recombination processes, one has to expect the occurence of the three 

(known) metastable states of C (3P, 1o, 4s). Their abundance cannot 

be ascertained. Other excited states, if produced, should have de~ 

cayed because of the long flight time of ca. 10-7 sec between the 

grid and the benzene target. 
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5. + Mean Energy. and Energy Spread of the C -Ion Beam 
I 

The kinettc energy of an ion hitting the target at p~tential D 

is determined by i) the accelerating field, ii) the initial kinetic 

energy of an ion leaving the plasma, iii) theplasma bulk potential 

from which the ·ions are ~xtracted, with iime-dependent an~ local 

(time-independent) variations, and iv) the potential of the target. 

The experimenta 1 procedure to determine the kinetic energy and 

energy spread is depicted in Figure 7. All experiments were per­

formed on 12c+ -be~ms generated under i denti ca 1 conditions as 14c+. 

If the energy of each ion were exactly equal to the accelera­

tion vol~age, the current to the cage C (a~ monitor~d by the y-VTVM) 

should drop snarp lyto zero as soon as-th-e-p-otenti-a-l-of-the-c-age------­

relative to the source potential, a quantity which could be varied 

between -45 and +45 volts, passes from minus to plus (see Figure 8). 

The differentiation of a real curve, however (see Figure 8) had a 

certain width ( 11 energy spread 11
) and a peak ( 11 mi nim.um energy II) at 

a voltage different from 0 .. The orifice B was necessary to obtain 

well-defined fall-off curves. B acts both as a focussing device 

for the ion beam and a sink for the secondary e 1 ectrons produced 

mainly by positive ions returned from cage C and accelerated into 

plate A; Without B the current at y was indeed 11 negative 11 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 

such an energy spectrometer, is extreme even by today's standards .. 

:i 
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Figure 7. Ion beam energy spectrometer (see Figure 8 for sizes of 

A,B,C). 

VTV~1: Keithley f·lodel 220 

AC-power for VTVM, etc. through 10 KV isolation transformer 

OA3: This tube protects the metering ~quipment from over-voltages 

( 100 V) which are caused by discharges between the target box 

and the grounded plate A. These discharges are triggered by 

secondary electrons formed at plate A and/or 8 when ions of the 

diver~ent low-energy beam escape from cage C and are accelerated 
backwards into plate B or A. 
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Figure 8. Fall-off curve, mean energy, and energy distribution 

·of 4000 eV 12c+-io~ beam. 
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Figure 9. Apparent fall~off curves for a.4000 eV 12c+-ion beam 

for various B-plate potentials (compare Figure 8). 
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It cannot be predicted for a particular set-up. In _order to opti­

mize it, this energy spectrometer was constructed according to 

measurements and calculations by J. A. Sinlpson. 45 The resolution 

was checked by varying the acce 1 erat ion vo-ltage bet\oJeen 2000 and 

6000 volts. If poor resolution contributed, the appar'ent energy 

spread should increase linearly. However, no large changes were 

observed. Yet,-in view of the many factors (degree of beam c'iv~r­

gence, beam parallaxis, potential 6f plate B (see Figure 9), secon­

dary e 1 ectron currents) which have been observed to effect the 

shape of the fa 11-off curve one cannot speak of a rigorous check 

of resolution. Nevertheless, it is believed that the measured 
. ·' : . ' 

-.,..------::-----,-erie,y'g;Y~s-p-Y!ea.c;J4@.p.Y!e..sents-r-atbe.r-....:.weJJ_tbe_t~:.ue_in_i_t_i_aJ_~o.e_~qy__y_ari a._-______ _ 

tion in the beam. This energy spread is possibly causedby (time-

independent) variations of the bulk plasma potentia) over the area 
.. i' 

from· which the ions originate, and, more likely (~ee Chapter II, 3), 

by the initial kinetic energy of the t+-ions. Time-independent 

potential fl~ctuations have been ~liminated as described in Chapter 

II,_ 2, or can be avoided ·(rf-oscfllations) by monitoring the arc 

chamber wall potential (see Chapter II, 2). A contribution to the 
. . I 

energy spread from thermal motions is believed to be negligible 

(compared to 2 eV) since the ion-temperature in the plasma~ as 

opposed to the electron temperature, is rather_low (1000°K or less), 

contributing variations of at most 0.1 eV. 

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

quoted by M. v. Ardenne46 without reference to an experimental pro­

cedure, and that expected from Chapter II, 3. It is much 1 arger · 
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than has been usually assumed. 14 •15 It is slightly dependent on 

arc conditions. However, as in the case of the rf-oscillations, no 

clear-cut dependence of just one parameter could be extablished. 

The energy spread, however, increased sharply (sometimes to 10-12 

eV) when the arc was not operating 11 normally 11 (see Chapter II, 2e), 

i.e. when extensive deposits had formed on anode and arc chamber 

walls. 

The relatively large energy spread rules this ion source out 

for work below 3 eV energy (see Chapter II, 5b) .' If, indeed, one 

should attempt greater energy accuracy with this accelerator, a 

large number of probelms would arise simultaneously on a much 

higher level of experimental difficulty (compare with Chaoter II, 

Sc, below). 

b) Medium Energy of the Beam 

Originally, the accelerating field was defined by the poten­

tial of the arc chamber wall {equal to the output of the hfgh voltage 
! 

. 14 
power supply) with respect to the apparatus ground (tank). It 

turned out, however, that under these conditions the medium ~nergy 

(compare Figure 8) was.shifted to ca. +45 V and varied over a range 

of 2:_10 eV dependent on arc conditions. This finding, coupled with 

the impossibility to standardize and reproduce arc conditions, and 

thus medium beam energies, led to attempts to stabilize the energy. 

However, it was discovered 1 ater that if the ion energy was defined 

with respect to the arc anode (rather than \vall) the ''shift 11 was 

only small and variations were within the apparent energy spread. 
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For this reason, the arc anode was connected to the high-voltage 

power supply, leaving the potential between arc chamber and ex­

traction electrode dependent on arc conditions. The results of 

Figure 8 were obtained under these conditions. Like the energy· 

spread, the' medium energy varied appreciably, i.e. up to ~ 10 eV, 

only wheri deposits in the arc chamber prevented a 11 normal 11 opera­

tion. Otherwi-se variations were in the order of 1-2 eV. 

The interpretation of this result is that the potential of 

that part of the plasma from which ions are drawn, presumably· 

directly in front of the extraction hole, is 1 to 2 volts· below the 

anode potential, a difference varying only slightly over a large 

range of arc conditions. It seems hardly at all influenced by the 

filament and wa 11 potential , which is rather surprising in view of 

the extraction mechanism (compare Figure 2a), 

Thatthe plasma potential determines the energy shift was also 

demonstrated when the 12c+-beam was energy modulated by 100Hz ac 

(inductively coupled into the acceleration voltage via a 1:1, 10 KV 

isolation transformer) and the beam intensity at the discriminator 

slit (2 mil) displayed on ari oscilloscope (intensity vertically, 

modulation horizontally). The resulting symmetrical curve (see 

Figure 10) with an equivalent width 6f ca. 8 eV is not an energy 

distribution, but the scari of the image of the ion source at this 

location. However, before changing to de heated filaments in the 

ion source, and before decreasing the ripple of most of the power 

supplies for the arc, a wide (~60 eV) and complicated curve was 

observed- even without 11 external 11 modulation. This curve was, 
. \ 
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XBB 695-3027 

Figure 10. Scan of the ion source image at the discriminator slit 

(width 0. 01 em~ 6 e,V) transmitted by a 5000 eV 12c+ -ion beam. 

Abscissa: 1 em = 12 V. Modulation frequency: ca. 30Hz. Time be­

tween the two pictures: 30 sec. The shift of the maximum indicates 

an energy shift by ca. 8 e V 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 display of energy: oscillations (ca. 

120 Hz) caused by similar potential oscillations in the extraction 

region of the plasma . 

c) Stabilization of. the Mean Energy 

Before realizing (and contenting ourselves with) the im­

proved energy stabilization by referencing all beam potentials to 

. the arc anode (see the preceding chapter), attempts were made to 

stabilize the mean beam (kinetic) energy. One method which suggests 

itself immediately is to use the magnetic field as an energy discri.­

minator (as well as a mass discriminator) according to the formula: 

= 2 . 
E R 

if mass and magnetic field strength are constant, and if 

E = energy, and ' 

R = radius of curvature of the 90° magnetic sector. 

field (= 15 em). 

At a desired resolution of ~E = 1 eV (in E = 5000 eV) ·the discrimi­

nator slit would have to be less than 1.5 x 10-2 mm wide (..,0.6 mil). 

Including the imaging properties of the extracting and accelerating 

field, the two imaging devices, focus lens, and magnetic field, 

produce an image of the extraction hole (0.6 mm ~) at the discrimi­

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 simultaneously the 14c+-beam intensity 

beyond feasibility (besides the technical difficulties in drilling 

mil ~holes). 

A method was therefore investigated which sh~uld yield the 

desired energy stability at full intensity (see Figure ll): Focus 

1 ens ·and magnet produce an image of the ion source in the p 1 ane of 

the discrimin~tor slit. The discriminator slit inte~~epts only a 

small part (5% or less) on either side of the beam.·· The difference 

between the currents to each s 1 it side, as measured by the voltage 

drops across the 0.1 M n resistors, accurately and sensitively in-
- -

a1cates tne posiTion ana-tnus tneelfergy---:-uf-the-wh-6-1-e_:_be-am-w-i-th-------

respect to the discriminator slit. Sufficiently amplified, it 

drives the acceleration voltage power supply output in such a way 

that initial energy fluctuati-ons occurring in the arc source are 

sufficiently c6mpensated. . . 
· Assul)ling a beam intensity proflle at the discriminator slit of 

triangular shape, with iis base equal to the image width, a loop 

gain of ca. 200,000 was calculated to be necessary to reduce 

fluctuations of ca~ 25 V (the apparent energy fluctuations) to 0.1 

eV. The operational amplifier was a Analog Device~ 180. The high 

voltage. power supply afforded a gain of 20. 

It is obvious that in this system the energy of the ion beam 

is defined by the trajectory o~ the ions, i ncl udi ng beam intensity 

_profile, and the magnetic field. Its stability was monitored by a 

proton magnetic resonance probe, whose resonance frequency was 
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Figure 11. Schematic for stabilization of mean ion energy. 
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measured occasionally (stability better than 1 in 105)'. The stabi­

lity of the magnetic field was better than 1 in 3000 gauss per hour, 

or, .in terms of energy, ca·. 3 eV in 5000 eV per hour. With some 

care. this f_i gure can be decreased to 1 ess than 1 eV: The energy Of 

the ions at the target, .after deceleration, however, is determined 

by the difference between the b·eam energy and the target potentia 1. 

The b-e a~ energy is given by the proton resonance frequency (in a 

mechanically ~table system}, and ,the target'potential fs delivered 
. . ' 

by a Fluke 408 A/U, 500-_6000 V de power supply with a stability of 

.better than 0.4 in· 5000 V. The total energy error should amount to 

ca. 2 ·eV. and caul d' be decreased if necessary .. 

•: 

~~~~~~~~~~-when~tes-t--ed--,-----;-the-enef"gy----'r--egu-1-a-t-i-en-was-s-t-a-b-le-fo.r--f_J_uctuatj_ons ____ --,-_ 

over a range of 40-50 v with a rest deviation of less than 0.2 v. 
i 

However, the geometric stability of the trajectory was so poor that 

the energy requl a tor introduced 1 arger energy fluctuations than 

were originally present.·. VariatiOns of the focus voltage~ for 

instance, or repulsion due to temporary build-up of electric 

charges somewhere near the beam, could cause trajectory instabi­

lities. Most of these possibilities had been reduced or eliminated. 

The main cause, however, for trajectory fluctuations were apparently 

shifting positions of the first image (near the extraction hole) of 

the ion source. This image depends strongly on the shape of the 

p 1 asma sheath near the extraction ho 1 e. Because of the short foca 1 

1 e~gth of this 1 ens , any sma 11 change is very much amplified by the 

·subsequent long-focal-le~gth lenses (first focus lens and the mag­

netic field). For instance, moving the hot-filament cathode of 
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the arc by 0.5.mm along the arc axis (a change which was found 
' 

later to have no discernible effect upon the ion energy), was 

translated by the energy regulator into an energy shift of ca. 10 

eV. Other arc parameters (pressure, current, arc voltage, wall 

voltage) caused ~imilarly drastic effects. This system was there-

fore abandoned.· 

In the first described arrangement, the ion energy is defined 

with an accuracy of ~ 1 eV at ca. 2 eV energy spread. This seemed 

satisfactory for first, exploratory experiments in low-energy, hot 

atom chemistry of carbon . 
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6. Th~ Idri-Optic~ 

The objective of the accelerator, to deliver a beam of 14c+-ion.s 

at the target (of ca. 1 em diameter, ca. 2.50 m from the source) 

whose flux density and energy can be varied, is achieved by an 
. ' 

··- appropriate system .of ion-optical devices, deflectors,·and the mag-. 
,, .· . 

n~tic s,ector field. (see Figure la). The plane of all ion traject:.. 
.. 

ories is horizontal. There are six imaging devices incorporated 
. . 

into 'the accelerator: extracting and accelerating field, first focus· 

l'ens, 90°-magnetic sector field, first and second.cylinder le'nses, 

and deceleration leris system. 

--:------~---a_) Extract] on and EJect_rostat1 c Focus Lenses' 

1) Extraction. Because of the small p~netration of fields 

through fine holes in metal surfaces, a very small fraction of the 

accelerating field (between arc chamber and extraction electrode) 

appears as an extracting field at the plasma bounda~y in the ex­

traction hole. The geometry of this boundary determines the initial 

beam properties. 47 At optimum acceleration voltages (4-5 KV), a I . 
concave plas~a sheath produces an initially converging ion beam 

with a focal /poi~t somewhere between the pin hole and the extraction 

electrode.· 

The dependence of the total ion beam emerging from the extraction 

electrode on the acceleration voltage is depicted in Figure 12. 

Various shapes for the extraction electrode did not product marked 

differences; neither was the gap between arc chamber wa 11 and ex- · 

traction·electrode critical. A gap of ca. 2 mm, however, proved· 

not too small for high voltage breakdown and gave good long-time / 
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Figure.l2. Total usable ion beam versus ion energy. Parameter: 

extraction voltage. 
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performance, particularly with respect to build-up of materia 1 on 

its arc-sid~ surface (see Chapter II, 2e). 

In connection with the experimentation towards deceleration of 

the ion beam, from initially 4-5 KeV energy to less than 10 eV, the 

feasibility of decreasing the initial energy .was investigated. How­

ever, substantial loss in intensity occurred at extraction voltages 

(and energies) below 2 KV. This situation was improved by b'iasing 

the e~tractidn electrode (see Figure 12) negatively, thus maintaini~g 

the extracting field at an optimum, with deceleration of the beam 

between extracting electrode and first· focus lens to an energy 

about equal to the potential of the arc chamber. Beams of as lm-1 

a s 5UO:--eV energy we-r-e-ob·ta·i·ne<:J-w;-th-re-1-ati-ve-ly--'go·od-i-ntens+ty-(-s-ee--'------­

Figure 12). However, the optical properties of a low·energy .beam 

generated in such a way were very poor and it turned out to be more 

feasible to decelerate a high energy beam (with good optical proper-
' 

ties) by a large ratio than a poor quality, low energy beam by a 
I 

proportionately smaller ratio. With a more appropriate lens system, 

low energy beams with acceptable optical properties should be avail­

able from this source. 48 
I 

2) First focus lens. The first focus lens (two concentri~. 

cylinders of l/16 11 Dural, inner cylinder¢= 3.5, length = 4 em; 

outer~¢= 7.5, length =. 10-cm) permits focusing over a range from 

ca. 10 em to infinity by varying the potential of the inner cylinder 

between ca. +0.8 and +0.95 of the acceleration voltage. The outer 

cylinder is grounded. A separate 2-10 KV de pOI'Jer supply with 0.2 V 
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p.t.p. ripple at 5 KV, 100 M n load, and better than 2 in 104 stabi-

lity (ca. 5 rnA maximum current), supplies the necessary voltage .. 

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

3) The electrostatic cylinder lenses. The first focus lens 
' 

and the magnet are able to "image 11 the source (laterally and verti-

cally with different magnification) only at one particular position. 

For reasons of greater optical flexibility, and because of the need 

for a beam of almost circular profile at the entrance to the decele­

rating lens system (see Chapter II, 6b), an' electrostatic 11 Cylinder" 

lens was built (Figure 13) which permitted imaging at right angles 

to that of the magnetic field. This system of three lenses suffices, 

theoretically, to produce an almost circular image of the source 

hole anywhere down-stream of the last lens. In practice, however, 

a second 11 cylinder11 lens, at right angles to the first, proved ex­

tremely helpful in obtaining a high transmission for the dec~lerator 

lens. The explanation for this is as folloltJs: In order to obtain 

good transmission up to the decelerator, the first focus l~ns has to 

produce an image of the source at a place {probably near the positi~n 

of the first cylinder lens) which is not optimal for maximum trans­

mission through the decelerator. The second cylinder lens permits 

a greater flexibility for this optimization. 

Both cylinder lenses are essentially identical (see Figure 13): 

The two parallel inner electrodes carry the (usually) positive high 

voltage; all outer electrodes are at ground potential. The.two 

inner electrodes of each cylinder lens can be given symmetrical, 
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Figure 13. Electrostatic cylinder 1 ens. The four outer electrodes 

are at ground potential, the inner at ca. 25% of the accelerati~on 

potential. 
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bipolar biases, thus providing a convenient four-way deflection 

system.· 

Figure 14 shows the beam intensity profile of a 4000 eV 12c+­

ion beam at the target. This profile was obtained by scanning the 

beam with ·a 2 mm wide, 5 em long rod-target both 11 horizontally 11 and 

uverti ca lly 11
• 

b) The Decelerator 

Originally, it was planned to decelerate the ions in a 

(supposedly) homogeneous electric field between a grounded tank 

exit plate and the target-box entrance plate (see Figure la) whose 

entrance o1rifice was covered wit~ a wire grid (2 mil-tungsten wire, 
. I 

10 mil par1a lle 1 spacing). 15 This arrangement was used for the 
I 

first 1 ow energy experiments. 14 However, in such an arrangement, 
! 

the ion trajectories have to be ideally parallel, and perpendicular 

to the p 1 ane of the wire grid. For a de vi ati on from perpendi cu­

larity of only 0.5°, the deflection after deceleration froin 5000 eV 

to 50 eV will be 45°, increasing rapidly as"the final energy is 

lowered further. 

Similar arrangements have been used when intensity losses 

could be tolerated. 49 •50 

Ion-optically more feasible systems were suggested and investi­

gated by Willmore, 51 and Gustafson and Lindholm. 52 Their contention 

was that deceleration to less than 0.03 of the initial energy was 

not practicable. Meanwhile, multi-element ion lenses have been used 

for deceleration for a variety of purposes. Menzinger, 7 ~· achieved 
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Figure 14. Beam profile at target (4000 eV, 12c+). Upper: hori-

zontal ican; lower: vertical scan. 
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deceleration ofT and T2 -ions for hot-atom chemical experiments, 

from 200 eV initial energy to ca. 2 eV (deceleration factor 0.01), 

with only 50% intensity loss over a target of ca. 1.5 em diameter. 

Common to all ion-optical decelerators is the first sharply 

(then slowly) increasing potential on a stack of orifices, sometimes 

of equal.~ sometimes of varying sizes and distances. 52 

A three-element lens, i.e. grounded entrance plate, a second 

plate with variable positive potential, and a third plate at the 

entrance to the target box (the last being at the required final 

potential) proved to be effective for deceleration from 5000 eV to 

ca. 200 eV with little intensity loss over a_ 1 em¢ target. 

For deceleration to as low as 3 eV, i.e. for a deceleration 

ratio of less than 0.001, a 10-element lens was built (se~ Figure 15). 

Its performance is indicated in Figure 16. The beam intensity was 

measured as current at the site of the actual benzene target, masked 

by a 1.5 em¢ orifice plate electrically connected with the targef 

box. 
w 

The potentials at the 10 decelerator plates were 3.2, 3.3, 3.4, 

3.55, 3.65, 3.65, 3.4, 3.99 for deceleration from 4000 eV to below 
I 

10 eV. The transmission was not very critically dependent on these 

values. The target-box and the target carry the same potential as 

the last orifice. Each of the two discs before the last are split 

diametrically into two ha~ves, the two cuts being perpendicular to 
'· 

each other. Each pair can .be biased by a symmetrical, bipolar de 

voltage floating on the high-voltage (as above). This affords 
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XBB 691-641 

Figure 15. 10-E1ement decelerator lens, entrance plate on left. 
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PERFORMANCE OF THE 10-ELEMENT DECELERATING LENS 
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Figure 16. Decelerator lens performance. The low maximum current 

(0.6 ~A) is accidental. The ordinate can be scaled for at least 

3 ~A maximum current. 



-65-

another set of four-way deflectors for correction of the 1 ow-energy , 

beam approximately 5 em off the target. 

c) Alignment 

The most critical alignment requirement is that for the ex­

traction electrode with respect to the extraction pinhole. The 

frequent disassembly of the ion source (for cleaning purposes) made 

it necessary to abbreviate the alignment procedures and to correct, 

with four-way deflectors, occasional deviations of the beam from the 

optical axis. These deflectors were necessary, in addition, since 

over the time of operation the beam tended to change position and 

direction, apparently due to charge build-up on deposits. 

Besides the two four-way deflectors mentioned previously (inside 

the two cylinder lenses, and inside the decelerator) there is one 

immediately following the first focus lens. Again, the voltage 

across corresponding pairs of electrodes is bipolar and symmetrical 

with respect to ground, in order to avoid asymmetric focussing , 

effects on the beam. The four-way deflector in the decelerator is 

also extremely advantageous for good ion transmission to the target. 

The reason' is the same as for the extraction hole/extraction electrode 

system, namely the ~hort focal length of the immersion ion lens at 

these locations. A slfght displacement of the beam from the opti-

cal axis on the object side is magnified many times on the image 

seale. 

d) The 90°-Magnet 

The '90°-magnetic sector field acts as 11 Cylinder lens (with a 

fixed focal length of 17 cm, 15 a little more than the radius of 
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curvature due to fringe fields, the foe a 1 points being 2 em off the 

respectiv~ pole facei)~ bes1des furnishing the dispersing element 

(ion separation according to momentum). Figure 17 shows the corre­

lation between exciting current and magnetic flux (measured with a 

Hall-probe, 11 Bell 220 11
, Incremental Gaussmeter). Because of the 

. I 
apparent hysteresis, the correct ion_ beam can. be selected only 

I 

roughl~ according to th~ excitirig current. Fine-selection has to 

'be made according to the sequence of predominant beams measured at 

.the·target or at a small Faraday cage which can be moved to inter­

cept the beam before it enters the-decelerator (see Figure la). 

The current is supplied by a 0-300 rnA de ~urrent power supply 

---------(~Elect-~on.i-c~Measu~ements_,~Mo.del_c6.3.3_)_wj_th:__a_cur.r.e_n_t-'-s__t~ab i 1 i ty_o~f_,____ _____ _ 

1 rnA 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 Vacuum 

a) Pumps 

The vacuum is maintained by a MCF 300 diffusion pump in-the 

source part of the accelerator, and a MCF 700 diffusion pump in the 

arc channel of the magnet. Both diffusion pumps are charged with 

silicon oil 704,-and have a maximum pum~ speed of 1000 l at 10-5 mm 

Hg ( 500 1 at 10·-6 mm Hg). The f,orepressure is generated by two 

KC-5 rotary pumps operating on a manifold.·· 

A separate KC-5 is used as roughing pump since the-whole system 

had to be opened to l atm very frequently during the 'developmental 

work at the accelerator. 

All pump exhausts are discharged through KOH traps (to trap 
14 . . ' 

C02) into the general ventilation system. 

b) L-N2-Traps 

Each diffusion pump is baffled by a liquid ni.trogen trap 

which is filled automatically approximately every hour .. Both traps 

use_ approximately 80 1 L-N2 per day. 

For reasons explained in 11 The U-2 prob 1 em 11 (Chapter II, 'I), 
. . 

ahother doughnut sh~ped L-N2 trap ~as inserted in front of the dece~ 

leration lens. 

c) Gauges 

One ionization vacuum gauge is located above the MCF 700 

diffusion pump. It monitors the 11 main vacuum 11
• Another similar 

gauge is located in the target box. It monitors the 11 target vacuum 11
• 

Typical pressures a·re: main, 3 x 10-7 rnm Hg; target, 4 x 10-6 mm Hg. 
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The mean free path at such a pressure is in the order of 100 m, 
I 

affording a chance of better than 95% for an ion to reach the tar-

get without collision with a residual gas molecule .. 

d) Materials 

All seals are made with Neoprene 0-rings greased with 

silicon high vacuum grease. Parts of the accelerator tank are 

made of Dural, stainless steel, brass, and glass. Electrical feed­

throughs are of gla~s. The insulating disc separating the arc 

chamber from the accelerator tank was originally made of bakelHe. 

However, this material caused seapage of air at a rate of ca. 

2 x 10-8 moles/sec. · The vacuum improved by a factor of ten after 

replacing this flange by one made of layers of fiberglass which 

Were glued together by epoxy, the whole flange having also been 
. : 

coated with epoxy, and then machined to specifications. 

The apparent leak rate (including outgassing) for the whole 

accelerate~ is ca. 2 x lo-9 m~les/sec (ca. 500 1/sec). 
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8. The Target 

a) Geometry and Accessories 

The target upon which the organic sample (benzene) is con­

densed during its bombardment with 14c+-ions is a regular cube of 

stainless steel, with 7 em side length. The beam strikes one of 

the four verti ca 1 faces perpendicularly, approximately in the center 

of the square.! The center well can be cooled with liquid refri.! 
l 

gerants. It is electrically insulated from the target box, per-

mitting the measurement of the beam current to the target. This 
. . ' . . . 

current is measured by a battery powered VTVM (Keithley 2008) with 

an {nput impedance of 100 K, 1%. All monitoring and target acces-
··. ' . . ·. . .• . . . .. 

----------'----'---s~o-r"i e~s_c_a_n----.-be~·.-cf""l_o_a-.'-te-"-aat--up-tol1rKv posit-; ve-p-o-tenti-a~l-=-. ------,-'--------

The target can be bi.ased with respect to the target box by up 
I 

to 300 V de. This permits the determination.of secondary electron 

contributions to the apparent beam current. 

As described in more detail in 11 Charge Build-up 11 in this 
I 

chapter, 
1
the beam current cannot be measu.red in the above manner 

if the ion energy is lower than 1 KeV. In this case, and as a 

general alternative method, the beam current is monitored by the 
I . 

e 1 edron :current (emitted from the hot fi 1 ament in front of the 

target) necessary to (electrically)· neutralize the target. This 

electron current equals the positive ion beam exactly. 

· The beam current can be integrated over the irradiation time 

(3 hr) by an electric integrator which drives a 0-10 mV recorder 
I 

with a full-scale switch. This switch resets the integrator within 
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ca. 0.5 sec. The full-scale rise time at 1 l-!A is approximately 20 

sec. The electronic integrator is a vibratingreed electrometer 

as operational amplifier, with 1000 M n input impedance and 2 llF 

feedback capacitor. 

The target is, at all instances of the irradiation, at the same 

potential (within 0.2 V) as the target box. The potential of this 

box with respect to 'the arc anode determines the energy of the ions 

(see Chapter II, 5). It can be measured. and monitored with the same 

battery powered VTVM with an error of less than 5%. 

More important than the potential of the metal target is the 

electric potential that a carbon ion sees when it hits the solid 

benzene. This potential may be quite different from that of the 

meta 1 target due to the accumulation of space charges in the so 1 i a 
benzene (see Chapter I I 1, Be). This potentia 1 , however, could not 

be monitored. 

b) Benzene Deposition 

Benzene is supplied from a graduated glass tube of 2 ml 

volume at room temperature. Benzene vapor is admitted from the 

tube through a needle valve into a manifold which feeds the input 

nozzles and whose pressure is monitored by a thermocouple vacuum 

gauge. 

There are four input nozzles of 2.5" length and l/64" LD. 

The orifices are at ca. 1 em distance from the target surface, at 

equal distance (ca. 0.5 em) from each other. They are directed 

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

appears within a circle of ca. 1 em diameter. 

The flowrate of benzene, as determined from· the meniscus changes 

in the graduated tube, is ca. 150 pl per hou~. About 70% of the 
I . . . 

benzene introduced into the target box is recovered after i rradi a-

ti on in the "so 1 i d~transfer" method, and 100% ff gas-transferred 
I . 

into a suitabl~ ·trap. Before st~rting ~ny irr~diation, ca. 100 pl 

benzene were deposited to insure a norma 1 growth of the solid and 

to avoid possible effects of the stainless steel surface on the hot­

atom·chemistry in benzene. Such an initial layer of benzene is 

approximate.ly 10-2 em thick, seve~al orders of magnitude larger 

--~-------,than tne penetr'Qt~i-Cfn-depth-of-Hl-KV-e+ -d·ons.-;.---'-----~----------

Occas.ionally, particularly if the initial rate of deposition 

I ' ' was 1 arger than ·200-300. p l/hr, the so 1 i d benzene did not attach 
' . 

sufficiently well to the metal surface and beqan to flake off again. 

At high benzene vapor f.lowrates the solid tended to grow very un-
1 

I 
evenly, which also led to flaking-off. The irradiations had to be 

di sconti riued in these cases. It seems as if the rate of benzene 

deposition intb such a small area cannot be increased by very much 

more than a factor of 2~3. 

c) Charge Build-up in the Target 

.With a conductivity of less than lo-14 ohm- 1 · m-1 154,155 
c ' 

' 
benzene belongs to the class of electric "insulators". Continuous 

incorporation of the positive 14c-ions wtll, therefore~ build up a 

space charge which, if sufficiently 1 arge, wi 11 repel other approachi·ng 
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ions, or will be neutralized when the field strength causes a break­

down of the insulator benzene (dielectric strength, 0.65 x 106 volts· 

em -l). 156 Electrons are emitted then froin the .meta 1 surface of the 

target and freely move in the bre~kdown channel until most of the 

positive charges are neutralized. 

If the benzene layer is sufficiently thin, this neutralization 

process is very efficient and does not lead to serious repulsion 

effects. However, as the ion energy is lowered and the target layer 

becomes thicker, it is more advantageous to admit electrons as 

above. A, filament of aGE, No. 13 flash light bulb serves as 

source for electrons which are attracted to the benzene only, and 

as soon as positive charges build up there. The filament is supplied 

from a 6 V battery with a variable series resistor for fine adjust­

ment of the emissivity. The filament emissivity is adjusted to 

somewhat above that required to neutralize the target, in order to 

prevent unnecessary, positive charge build-up there, when either 

the supply or the demand of ele~trons fluctuates. Clearly, an incom­

plete target neutralization will cause additional, non-uniform and 

varying deceleration of the ions and thus a blurring of the actual 

kinetic energy.· On the other hand, a finite, albeit small, positive 

11 error 11 charge at the target, and thus a sma 11 retarding field has 

to be present in order to effect the electron flow. · How 1 arge this 

error is, is not known, s i nee the e 1 ectri c potential of the benzene 

cannot be determined under these circumstances. In order to get an 

approximate idea of the possible error, the perveance, a, for the 

system filament-metal target (distance 1 em) was determined 
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according to the formt.il a i = a • v for' space charge 1 i mi ted 

currents~ i'. 
1v is the voltage between target and target box, the 

fi1ament is on the same potential as the target box. A double-log 
', : .· . 
plot of log (i )·versus log (V) yielded the correct exponent, 3/2, 

and for a, O.SiJA · (voltsf312 . From this one concludes that 
. . 

the target has' to ha~e a potential of ca. 7 volts to attract a 1 -~A 

electron current, and c'a. 4.5 volts for a 0.5 llA current. I.n other 
I . . 

words, the error depends on the beam intensity. This demonstrates 

a certain drawback conn~cted with 14c which requi' res' for reasons 

of detection sensitivity, these relatively high beam currents. In 

'the case oft+, with less than 10-8 A intensity/ this method of 
., ,: .· . : 

-------'-'----'l'ne"-!u~t,-_!r....Qal..!l..!..:iz~l~·ng the non-co.nducting target introduces. a· much smaller 

·',. 

. . 

error. In actuality, however, the error may be· smaller' als·o: in 

our case s i nee the distance between filament and b_enzene surface 
I j 

is; less th"an 1
1 

em. J'udg.ing from the essential identity hetween 

the fa 11-ofr curve of the current at 1 ow energies (see Figure 16) 

for a bare (metal) target and for the benzene ·target neutralized 

with electrons, one concludes that the additional retardation can 

be at most 3-4 eV. Nevertheless, the finite perv~ance of this sys-

. tern is the source for the largest' errors. 

.. 
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9. The U-2 Problem 

One b.f the major products from 14c+-irradiations of benzene 

resisting identification longest (and labeled "U-2" during work 

towards identification) was finally identified as benzaldehyde. 

The following sources of the oxygen were considered: a) residual 

gas oxygen in contact with the benzene surface, or oxygen dissolved 

in benzene and co-deposited in the solid target; b) co2 from the 

ion source; c) other chemical forms of oxygen from the ion source; 

and d) contamination of the 14c+-beam by 14c16o++ (m/e = 15). 

The following was established about "U-2" (all, of the.chemical 

details are described in Tz-Hong Lin's Ph.D. Thesis, Berkeley, 1969): 

i) its yi e 1 d 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 yield de­

creased by a factor of ca. 4 as the target temperature was increased 

. from -195° (L-N 2) to -156° (freezing isopentane), and the yields· of 

other products were unaffected by this temperature change; iii) the 

yield was unaffected when the residual gas pressure in the target 

was lowered from 10-4 to 4 x 10-6 mm Hg, i.e. when the rate of ·o2 

molecule incidence on th.e benzene target was decreased from 10- 7 to 

3 x 10-9 molesjsec;ci (assuming 20% 02 in the residual vacuum at­

mosphere); iv) thoroughly outgassing the benzene before introducing 
I 

it into the target box--by transferring it in vacuum three times 
I 

and trapping it at co2;acetone temperature--did not affect the 

yield of "U-2". 
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a) o2-Inci dence or Presence at the. Benzene Target 
I. 

Although the 1 owes t rate of 02 incidence of 3 x 10-9 

moles/secjcm
2 

was sti 11 1 arger than the flux of 14c~-i o~~ at the 

target (10-lO moles;secJci), it is unlikely, from the foregoirJg, 

that atmospheric or dissolved 02 is the source of oxygen in U-2 

(benzaldehyde). 

b) D · t · · f 14co ·. t t.h T t epos1 1on o 2 a e arge 

When 14co2 was introduced into the accelerator at the rate 

under irradiation conditions (the arc was not "on") it was found 

that ca. 4.5% of it was deposited at the target. This is rather-

..... 

_________ sur-p-dsj_n_g__:_sjcn.ce-the_co2_h.as_to_p_ass:-tw_o_jJ_qu_i_d_rd.tro_ge_n_t_-r_ap_s_an_d _____ _ 

diffuse intothe rather long and often constricted target arm. - The 

amount of 14c-activity reaching the target as 14co2 is about 40 
- 14 + . -- _· 

times 1 arger than that introduced by the C -beam!. 

To el5minate this interference, 14co2 was con~erted to 14co 
- ' : 53 __ , -

before entering the arc chamber. For this purpose a glass tube 

(20 x 1.5_c~ I:o~) filled ~ith Zn dust on asbestos wool was insefted 

between needle va 1 ve and arc chamber. This glass' 'tube was heated 
. I . , . 

externally (390-400°) by electric heating tape (ac) floating at 

the acceleration potential. The rate of deposition of 14co2 at, 
5 . . - -.- . 

the target was now 10- , i.e. decreased by attout a factor of 4000. 

However, "U-2" and all other products appeared with unchanged 
I 

yields. Therefore, the possible co-deposition of 14co2 in the 
I 

target benzene could not account for "U:..2". 

.. 
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c) Other Chemical Forms of Oxygen from the Ion Source 

The large increase of the yield of U-2 as the ion energy de­

creased suggests that, at a lower rate of debris formation (at lower 

ion energies), more oxidant was available for the oxidation to ben­

zaldehyde. The temperature dependence of the yield suggests that 

the oxidant is rather volatile. This idea is supported by the ob­

servation of a similar 4-fold yield decrease when a liquid nitrogen 

trap was inserted into the glass insula tor just ahead of the entrance 

to the target box. The 14c+ -bea~ passed through a ·tube traversing 

this trap. In this experiment the target was, however, at L-N 2 tem­

perature again. Most of the volatile o'xidant had apparently been 

trapped by the inserted L-N2_ trap. 

If the oxidant was ~enerated in the ion source, isolation of the 

source part of the accelerator from the rest should decrease its 

effect upon the target. The ( unseparated) beam was therefore ad~ 

mitted into the ~agnet section through a 3 mm- orifice decreasing 

a (presumed isotroRic) flow of gaseous material from the ion source 

into the target section by a factor of 30. However, no change of 

the yield of U-2 occurred. One concludes that the oxidant is either 

not generated in the ion source or, if it is, it is carried into 

the central and target section of the accelerator via a beam. It 

should be noted in this context that, of the total ion beam of ca. 

25 llA extracted from the source, there is 15-18 lJA in the form of 

c+ (1-2 lJA), co+ (15 lJA), and +co2 (1-2 lJA). 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 discharges at points under high-voltage carrying parts. 

According to ~. J. Cvetanovic,54 0-atoms could survive several 

collisions with the walls. Benzene could become a temporary accep­

tor for such an ~xidant (0 or o3). 55 ,56 It may transfer the oxygen 

to other hot-atom product molecules in an oxidationreaction, or 

it may be invo.lved directly in the reaction with a hot-.atom. 

. ' . 14 + . 14 16 ++ 
d) Contamination of the CI-Beam by C 0 

. . 

Because of the 1 ow resolution mode of the ion separator in 

which i rradi ati ons are usually performe-d and because of the proce­

dure of identification ·and optimiza-tion of the 14c+~beam at the 

.target (see Chapter II, 6(:1) it is possible, in the'ory, that l 4cl6a++ 

contributes to the beam at the ta.rget, and' 11 U-2 11 may be an indica­

tion fot this. However, the following e~p~riments and observations 

exclude this possibility: 

1) A more careful-investigation· of the ion beams obtained 

from 12co2 (under similar conditions as 14co2) shows an m/e = 14 

( 12c16o++ ?) intensity of less than 10% of m/e = 12 ( 12c+). 

2) Irradiations of benzene with 14co+ (m/e = 30) at ener­

gies between 5000 and 15 eV yield the same product and .yield dis­

tribution as if the irradiations were done with 14c+ of the same 

energy. This indicates that the fast CO+ ion disintegrates in the 
l 

target before the carbon-14 reacd cnemi ca lly. 14c l 6o++ should 
I 

have a similar fate. The yield of 11 U-2 11 was, indeed, unchanged--

which excludes co++ as .source for.it. 

.. 
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The problem of the source of the oxygen in "U-2" remains basi-

cally unsolved. "U-2"•s existence, however, is a good demonstration 

of the relative "openness" of the actual chemical system, and it 

also demonstrates the complexities that such an instrument intro­

duces. Probably the best way of eliminating this and any similar 

problem is to admit the beam to the target box through a small 

orifice only, and to pump ~he target section by a separate diffu-
! 

sian pump. This would secure best possible separation between the 

chemical system and the accelerator. 
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.10. Dummy Irradiations 

a) Check on Possible 14c-Products Which Are Nof,Due ·to Fast 14c 

Ions or Atoms . 

Somewhat suspicious because of the above observation~ the 

following experiment was performed: The arc source was charged 

-·· . ~Jith 50% 12co
2 

and .50% 1•4co; However, only the 1~c +-be-am was ·used for an 

,-, . irradiation. All hot-atom and radiation chemical .effects in- the 

. target are exactly identical to a ·14c-irradiation except that the 

beam intensity and "presence" of 14c were, of course, lower by a 

factor of 2. After 1 hr, ca. 0. 25 11 C activity had been incorporated' 

-----------'i-n-to--,tl~-e-ben-z-ene.----!:his-is_app_toxima_t_e_l_y:. 10% of "normal" activity 

incorporation. A GLC analysis of this irradiation sample showed 

two activity peaks, one in the "U-2" region, the other in the region 

of biphenyL Hmvever: the yields were well below 1%. This experi­

ment shows that some 14c-activity may be introduced into the sample 

in ways other than through the beam. However, this can be considered 

o{ no consequence for the present study. The products (see Chapter 

I I I 3 4) - d · 14 c+ · d · t · · d d d. t f t' . , , observe 1n -1rra 1a 1ons are 1n ee. pro uc s o ne . . . 

fast 14c+-beam ions. 

b) Check on Incorporation of 14c-Activity into the Sample via 

Accidentally Neutralized Ions 

Neutralization of 1ons may occur in collisions with residual 

gas molecules or with metal surfaces. While this phenomenon does 

not interfere ~'lith the quantitative analysis of the sample if the 

irradiation is performed with an undecelerated beam, it may, and 
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increasingly so, when the beam is strongly decelerated. Particu-
1 

larly if neutralization occurs in the decelerator, i.e. relatively 

close to the target, the neutral atom may easily be able to hit 

the target. As the degree of deceleration increases the cross 

section of the beam may increase at certain places and some ions 

may collide with one of the decelerator elementsand be neutralized. 

If these atoms have a much higher energy than the final desired 
\ 

ion energy, they will distort the yield-energy dependence at low 

beam energies. To determine the extent of neutralization, the 14c-
ion beam was decelerated to 5 eV; however; the ions were prevented 

from reaching the target by biasing it by 20 V (positive) with 

respect to the target box. During one hour the beam was admitted 

only occ;asionally (by removing the target bias and turning the 

electron emitter on (see Chapter JI, Be) in order to assure that 

the beam had not shifted position. When the sample was analyzed 

after one hour "irradiation", the total activity incorporation 

amounted to ca. 10% of the expected value. The GLC analysis showed 

a typically "low energy" yield distribution of the usual products 

(<30 eV). This indicatesthat neutralization is sizable,. although 

not serious, and that it produces primarily low energy atoms, which 

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

In this chapter a survey is given of the factors which might be 

relevant in the interpretation of our chemical experimental data. 

i~aturally, very little specific information is available for the 

system under investigation, i.e. fast carbon ions in solid benzene. 
' ' 

Therefore, many quantitative conclusions which are drawn from com-

pari son with other systems, or from genera 1 theories, are quite 

tentat:i ve. This is particularly serious in the 1 ow energy range 

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

--------!h-ave-been-pub-H-shed-·-howeve-r-,wh-i-eh-:h-ap!}ens4G-be___:_the-mos-t-i-nte_~es_t_-_____ _ 

ing range for the chemistry \'ihich this thesis deal~ with. 

, .. 
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1. Interaction of the Ion Beam with the Solid Benzene 

The following factors have to be considered: surface pene-

tration; energy loss, range and scattering; charge and electronic 

state of the fast carbon, structure of thi solid benzene; the con-

stitution of the solid around the· 11 track 11
; and chemical reactions. 

. . . 

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 metal and a solid s_ucn as 

benzene, i.e. the absence of a ''fM!e-electron gas 11 and the (generally) 

lower mass density in the latter, seem to be of minor importance 

except, pe~haps, in ~he initial surface interaction. Also, if the 

kinetic energy of the beam particle exceeds the energy for displace­

ment of a lattice atom (25 eV), 57 the chemical b-onds between atoms 

(4-8 eV) are of negligible consequence and the-molecular solid (ben~ 

zene) can be considered to consist of a mixture 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 

small mass compared to the 14c beam particle. At least, as far as 

processes are concerned which involve energies larger than chemical 

(~100 eV), the differences between different .beam particles in their 

interactions with the target atoms seem to be accountable by dif-

ferences in mass, nuclear charge, and velocity. The scarcity of 

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

generalizable models permit their deduction. The only 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 potential on the kind of orbitals. 

a)-Surface Penetration 

·The effects connected with the penetration of the solid sur-:-
1 

face are best discussed in terms of various sputtering theories. 

Three mode l
1

s have been suggested: the 11 hot-spot 11
, 
58 ,sg the 11 hot-

l . 

spike 11
,
57 , 60 ,61 and the 11 Collision 11 model. 62 ·A critical review of 

these theories was given by Kaminsky. 44 The first bm models 

attempt to·· describe the effects of the ion impact on the solid as 

the mofion of a tw()- (surface hot-spot), respectively, one-

dimensional (linear hot-spike) statistical system within which an 

·elevated t~mperature can be defined. Not considering the fund~­

mental difficulties in establishing the validity of a Boltzmann 

statistics for these systems, the yield from such the~ries is 

small. · Moreover, experimental results 44 db not seem to agree very 

well with them. A less round-about theory, the collision theory, 

pictures the interaction of the fast particle with the solid as a 

string of encounters with isolated atoms which recoil and are 

scattered, as secondary fast particles, at other target atoms--as 
i 

1 ong as their energy is 1 arger than ca. 25 eV. At the surface, 

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

energy is as low as 5 eV), and possibly also reflection of the 

original beam particle. All experimental data available (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 th.e case here, the 

target atom mass is equal (12c) or less (H) than the beam particle 

(14c), the reflection coefficient for near normal incidence should 

be·5% or less. The remainder is scattered into the solid. 

b) Energy Loss and Range 

Energy loss and range of neutral atoms in solids has been 

revie\~ed by Nichols and van Lint63 in 1966. As will be discussed 

below, among the first processes to occur upon penetration into 

the solid is neutralization of the ion. The subsequent energy 

losses can be derived, therefore, from the dynamics of neutral-: 

neutral interactions. Since essentially all shell electrons of an 

atom contribute to the repulsive interatomic potential in a binary 

high-energy collision, the statistical atom models (Thomas-Fermi 

and Thomas-Fermi-Dirac), the self-consistent field model (Hartree­

Fock), and other, empirical models are most profitablY employed in 

obtaining the interaction energies in mathematical tractable forms. 

In Figure 18, values 1T·R~A are plotted versus the kinetic 

energy for the collision between two carbon atoms. Here, RcA is 

the closest distance that these two carbon atoms can have in a 

head-on collision. 

For the calculation, the following formulas were used (the 

Tliomas-Fermi-Dirac potential was omitted because at lower ener­

gies, i.e., <100 eV, where it differs the most from the Thomas-Fermi 

potential, the question as to the charge and electronic state of 

the beam particle cannot be answered so clearly anymore anyway, 
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F-igure 18; Cross section of closest approach bet1.;een two carbon 

atoms, calculated from various interaction models. 
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making the extension of calculation~ to below 100 eV rather dubious). 

This ambiguity did not warrant the somewhat more complicated calcu­

lations: 

Thomas-Fermi-Firsov: 64 

(Ref. 63, p. 11), where 

2 Z · Z e 1 2 
RCA 

zl = z2 = 6 ' the nuclear charge 

e2 = 27.2 · a
0 

eV · em , the elementary charge squared 

a
0 

= 0.529 x 10-8 em, Bohr-radius 

0.8853 · a
0 a = F 

and tJ h Th F . . f . 157 = t e omas- erm1 screem ng unct1 on. 

! 

B ri nkman : 60 

(Ref. 63, p. 11), where 

i I 

Nielsen: 65 

ao 
z l/3 
1 

(Ref~ 63, p. 12), where 

a = B. (Z 2!3 + z 2/3 ). l/2 
1 . 2 

Bohr: 66 

(Ref. 63, p. 10). 
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The go9d agreement between the different methods, except that 

b~ Nielsen, down to fairly low energies (see Figure 18) is note­

worthy.· Furthermore, if 1r • R~A is taken as something like a 

scattering cro~s section, it becomes apparent that energy 1 oss due 

to elastic scattering is more efficient at lower energies (ioniza­

tion and excitation cross sections are in the order of lo- 16 to 

l0- 18 cm2). This is important in the discussion of other processes,. 
I 

such as charge exchange, competing ~ith elastic scattering (see be­

low). The closest approach between two colliding carbon atoms, ca. 

2 x 10..:9 em at 1 KeV kinetic energy, is only a fraction of the 

equilibrium·'carbon-earbon bond length in b~nzene (1.395 x 10-8 em), 

-------~·Jus-tHy·i-ng-the-een-eept_:_of-1:>-:i-na-~y-co-lJ-i_sj_ons_b_etw_e_e_o_g_s senti ally_ _____ _ 

free carbon atoms as the mode of energy dissipation. 

In. Figure 19, linear ranges are plotteo using the data of 

Figure 18, and the following linear range expressions (the linear 

range is the total path length of a fast atom, irrespective of its 

shape, from the penetration of an idealized "surface" to the end 
I . 

of the track, which is reached when the kinetic energy of the fast 

atom has fallen below a minimum energy, Ef' necessary to "displace" 

a target at.om. In_the following calculations, this energy limit 

is assumed to be 10 eV. However, the range data are not very sensi-
1 

tive to this energy limit): 

Thomas-Fermi: 

Brinkman: 

Bohr: 

2 
2 • l.l N S 1r RCA 

(Ref. 63, p. 22) , 

. 
·~ 
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Figure 19. Linear ranges for fast carbon atoms in a carbon target, 

calcul~ated from various models .. 
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where 
]..1 

M2 mass of target atom (= 12) 

M1 mass of fa~t atom (= 14) 

22 carbon atoms ) N5 number density of scattering atoms ("'4 x 10 · ~---=-"--'----
cm3 

E
0 

initial kinetic energy 

Ef final kinetic energy (,10 eV) 

In the above formula the quantity determining most strongly the energy 
2 dependence bf RL is wRCA , not log E

0
/Ef . 

Nielsen: 65 

(Ref. 63, p. 23) 

Here, E
0 

Ef ,is the only energy dept;!ndent quantity. 

The previous formulas were originally derived on the basis of 

hard-sp_here collisions, i.e. isotropic scattering in the center of 

mass system, treating energy losses as a continuous process. With 

the same basis, however, treating these losses as discrete processes 

leads to a statistical analysis. 
I 

3 RCA 
-+-2 a8 Statist{cal: <RL> = 2 
NS -.,..RCA 

(Ref. 63, p. 25). 
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In all previous range formulas the contributions to scattering and 

energy loss by hydrogen atoms were completely neglected. If one 

calculates the range of carbon atoms in a target consisting of only 

hydrogen atoms (with the same number density as above) one obtains 

values which are approximately 60-fold larger than those for carbon, 

except for the range according to Ni e 1 sen (and Brinkman at 1 ow 

energies) where the increase is approximately 3-fold. That is, 

the 'contribution from hydrogen to RL is negligible except in the. 

last case, where the previously calculated range decreases by 

about 26%. 

It is usually found that ranges calculated with the Thomas-Fermi 

or Thomas-Fermi-Dirac potentials give fairly good agreement with ex­

perimental results (Ref. 63, p. 39). The range curve calculated for 

14c atoms in benzene (Figure 19) according to Thomas-Fermi is, there­

fore, regarded as the probably correct one. 

The average distance between two neighbbring benzene molecules 

in the solid is approximately 5.3 x 10-8 em. The range extends 

therefore at 100, 1000 and 10,000 eV kinetic energy over 3-8, ca. 

100, 10,000 benzene molecules, respectively. 

The time between successive collisions, -r, is -r = 1/Qqv, where 

v is the velocity and Q is the cross section at the velocity v. For 

a 1 KV carbon atom, -r = 2.5 x l0-.13 sec. This should be compared 

with the electron 1S-orbital period of hydrogen: 1.5 x lo-16 sec, 

and the order of magnitude of vib~ational periods:. 10-13 sec. 

A measure for the lateral motion of a fast atom during its slow­

down is the ratio between the linear and projected range, Rp. The 
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·· projected range is the 1 ength of the ·projection of the 1 i near range 

in the direct
1

ion of the initial motion of the atom. An approximate 

formula for RL/Rp , when )..1 ~· 1, was calculated by Liridhard and 

Scharff67 for the l/R2 potential (which did not give good results 

for RL--(see Figure 19): 

RL 1 (Ref. 63, 23); r ~ +3)..1 p. 
' p 

12 R 
with L = 1. 29 )..1 = T4 Rp 

On the other hand, Rp/RL ~·cos· a., where a. is the angle under which 
' ! 

the stopping point appeat·s wlth respect to the initial beam direction. 

a. ~ 39° for RL/Rp = 1.29. This should be compared with Monte Carlo 

calculations of the rms scatteridg angle for a mass ratio of unity:­

-v300 (Ref. 63, p. 29). It indic~tes a remarkable correlation in 
. I 

the locations of the starting and stopping points. 

Because of the statistical nature of the collision event, the 

calculated ranges are averages with a certain precision, the so­

called i'lstraggling". An approximate formula for it is: 65 ,66 

; 

(<(.~RL)2>) 1/2 ( )·1/2 a. • )..1 

= 
1 ,+ )..1 

( Ref . 6 3 , p . 2 3 ) . 

For Bohr;s potential :63 
a. = 4/3. For the l/R2 potential ,67 

a. = 2/3. 

The relative "straggling" value is, therefore, betv·Jeen 0.57 and 0.40. 
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That is, the RL's form a rather broad distribution around the average 

RL ... 

In some instances of specially oriented single crystals as tar-
. . 68 69 

get, larger than expected ranges have been observed. ' This phe-

nomenon, usually referred to as "channeling" and "super-channeling", 

is most likely of no significance in this case because of the irre:.. 
! 

gular growth of the benzene target (see the following chapter). 

c) The Macro-structure of the Solid Benzene Target 

In view of the widely observed difficulties in obtaining a 

single crystal, there is every reason to assume that the solid ben­

zene target is just a conglomerate of small crystallites. 

S. Zwerdling and R. Halford70 grew a single crystal of benzene 

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

40 em long 0.1 mm I.D. capillary from a liquid reservoir at 0°C, de-

posited at a small nickel rod at -60°C. The capillary exit was main­

tained at -35°C. The growth rate was approximately 2 JJl/hr. The 

small temperature difference (25°) between supply and condensation 

point is a necessary condition for controlled gro\'lth, as well as 

the slow admission of vapor, particularly during the nucleation 

period. 71 In our experiments the temperature difference is 200° 

and the condensation rate 100 JJl/hr or more, far beyond conditions 

presumably necessary for single crystal growth. The density of 

molecules in the benzene vapor stream corresponds to a pressure of 

about 2 x 10-4 mm Hg, i.e. well above the equilibrium vapor pressure<· 

at -196°C (by extrapolation, 33 10-lS to 10-20 nm Hg). These 



-94-

.conditions probably also favor the formation of small aggregates of 

benzene mol~cules in the gas phase believed to be the source for 

1 . f ! d . 72 Th 1 . b b 1 b d d nuc e1 o con ensat1on. · ·us, nuc eat1on pro a y a oun s an 

prevents or interrupts reg'ul ar growth. The crystal structure of 

benzene at -3°C has been determined by Cox et a1. 73 and Koshin et 
I I --

al. 74 
I 

The unit cell size is (in~): 
I 

I 
TemEerature a 

-30 7.46 

-20° 7.43 

-170° 7.34 

-195° 7.27 
I 

b c 

9.66 7.03 

9.63 6.99 

9A5 6.74 

9.25 6. 72 

Figure's 20a, b are a di ag.ram of the crysta 1 structure of benzene 

view.ed along different unit cell a'xis (reproduced from Ref. 73). 

It becomes apparent from this model how relatively loosely 
I . , 

packed the benzene molecules are, even in the solid state. 

The particular configuration between neighboring benzene mole­

cules can be important only in bimolecular ·reactions between two 

such molecules. However, since in hot-atom chemistry one of the 

two reacting molecules would always be a product of a preceding 

reaction(~., addition or replacement of a carbon atom, see Chap­

ter III, 4) ~ne has to ex~ect, in general, that the configuration 

of this product molecule is different from that of the reactant 

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

';, 
i 

' 
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.. 

XBL 695-4254 

Figure 20. Molecular model of the benzene crystal unit cell 

(according to Cox et !}_. 73 }. I, II, III, and IV are the four 

crystallographical1y different benzene molecules. 
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limit can a correlation be expected.
1 

.We do not, th~refore, draw. 

any conclusions from the crystal str
1
ucture of the unperturbed cry­

.. stal for the interpretation .of hot-atom chemical. results. 

d) The Charge and Electronic State of the 14c in· the Solid 

Benzene 

It was assumed in Chapter III, lb ("Energyloss and range") 

that the carbon ion is neutralized immediately' after penetrating 

the solid surface, and that the particul~r electronic state of the 

carbon atom is of no consequen'ce as to its range, etc. However, 

the eleCtronic state may be very important in the final chemical 

reactions:(see below) and'it is necessary, therefore, to consider 
i 

this point explicitely. Unfortunately, again, very little specific 
' I 

theoretical or experimental work is available for comparison at 

present. 

:1) Experimental background. Charge state measurements on 

high energy (>50 KeV) carbon ions moving through low density ab-

sorbers were performed by severa 1 groups. There are fewer measure­

ments in the intermediate range (20 - 10,000 eV) and very few at 

energies below 10 eV. Nikolaev et ~_75 determined the average 
i 

charge of a beam of singly, doubly and triply char~ed 11 B, 13c, 14N, 
I . 

1 ~0, and 20
Ne ions in the velocity range 3.5 to 11 x 108 em/sec 

after passage throughH2, air, Ar, and celluloid film. Since the 
I 

. , velocities are between 1.5 and 5 times v
0

, the Bohr-velocity (see 

Figure 21), the equilibrium average charge is positive but decreases 

almost proportionaily tg .the velocity. For example, the average 

I 

.. 
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Figure 21 . Ve 1 oci t.v versus energy diagram for carbon atoms between 

"thermal" energies and the Bohr limit. 
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charge is approximately +0.5 for 6 x 108 em/sec carbon particles 

(independent of the initial charge state and ca. +0.2 at 6 X lOg 

em/sec veloci.ty. Many other similar experiments 76 •77 show that as 

the average charge decreases, the width of the charge distribution 

also decreases, i.e. at lower energy the carbon particle is not 

only "on the average'i neutral but also ''more likely" neutral. This 

concurs well with results from actual charge changing cross section 

data (see below). These conclusions are confirmed by similar re-
I 

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

J. B. Hasted et a1.49 •50 •79 determined the cross section for 

the reaction 

+ C + X , X = Xe, Ar, Kr 

for c+ energies between 25 and 40,000 eV. It increased from ca. 

3 x 1 o- 17 cm2 to a maximum of approximately 3 x 10-lS cm2 at energy 
! 

values which depended on the gases. These and similar data on other 

ions and gases 1 arge ly corroborate the resonance rule hypothesis 

(see below). An anomaly was found for Kr where the cross section 

varied only slowly in the region of the expected maximum. 

to:4f 

Hasted also measured the d~tachment cross section according 
I 

~~--j ~---

C + Ne + e 

between 100 and 3600 eV. The cross ~ection increases monotonously 
I 

from ca. lo- 16 to 5 x lo- 16 cm2. 

Fogel et ~· 80•81 investigated the two-electron capture of 
+ C in gas molecules between 10 and 55 KeV, according to 

~' 

,, -
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., 

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

section to increase in the above order from 1 o- 19 cm2 to 6 x 1 o- 17 

cm2 at 55 KeV. A 11 cross sections drop by a factor of approximately 

10 when the energy decreases to 10 KeV. These results are also 

considered in agreement with the resonance rule hypothesis. 82 

Phipps et ~· 83 determined the number of ion pairs when C+­

ions of energies 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 surprising that so many ion pairs are formed, 

although the ion velocity is well below v
0

• However, the following 

consideration points out a significant aspect: Since ion-pair for-

mation is due to excitation, etc., by the fast-passage of a coulombic 

charge, one can assume that the energy per ion pair, W, should 

actually be a constant. The reported increase by 20% (from 45 to 55 

eV/pair) as the energy decreases from 50 to 25 KeV indicates, under 

the above a:ssumpti on, that the energy avail ab 1 e for ion pair forma-

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

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 

.. 28 eV/pair measured in -Ar for H+ and Hi+ in the high energy limit 

(v ~ v
0
).

84 Perhaps (the average) W is indeed somewhat higher at 

lower energies_ than in the high energy average. W-Values in hydro­

·. carbon vapors (low molecular weights) are usually between 29 and 

31 eV/pair. 85 
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As to the question of the relevance of· charge exchange cross 

section data taken (mostly) from· 1 ow-pressure gas-phase coni si on 

experiments to charge exch'ange in the ·solid benzene: · P. t1. Stier 

mentions in· a review that pressure effects upon the cross sections 

have been suspected but not substan~i ated, 86 The qualitative 
I . 

similarity of cross section data is the strongest support for the 
1 ' 

possibility of applying gas phase data to solid benzene. 

2) Theoretical background. In the interpretation of cross 
' ' ' 

sections for inelastic collisions between atomic systems, with 

relative. velocities below v0 , probably the most frequently applied 

hypothesis is that of near resonance. 87 , 88 It states that the 

transfer-of-excitation cross sec;:tion between colliding systems is 

maxima 1 if the net energy change, the resonance defect, is zero, 

and 1 if the transition is 11 0ptically 11 allowed. In cases of unsyrnme~ 

trical transfer, with a
1 

finite resonknce defect, the cross section 

is a function of the re 1 ati ve ve 1 oci ty of the co 11 i ding sys terns. 

A relationship between 'the position of the maximum cross section 

on the velocity (or energy) scale is derived from the condition 

of adi abacy, 

ait:~EI · hv ~>>-l- --~,--- - -----

where E is the .. resonance defect 11
, h is Planck's constant, v is the 

relative velocity, and .a is a length of the order of the atomic 

dimensions involved.· Taking the above inequality as equation, 

Hasted et .!!_. 89 found a mean va 1 ue of a = 7 x 10-8 em for many 

... ·.· .. 
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charge transfer reactions of the type An+ + B ---;,.> A(n-m)+ + Bm+ + 

fiE, whil J Foge 1 et ~· 90 determined a = l. 5 ~ 
A-+ Kr2+ , where A are atoms with Z from 1-10. 

+ for A + Kr --~ 

There are many more 

examples of the validity of the near-resonance hypothesis (Ref. 88, 
. I 

p. 278) but alSo apparent 11 failures .. , usually attributed to crossing 

of states during the formation of the collision complexes .. 50 , 89 ,91 

Cross sections for these reactions seem to be in the order of 10-lB 

to 10-1 7 cm2 . 

Applying the adiabatic rule to the present system, the follow­

ing state changes of the colliding systems are considered (Table II). 

The energy, Em, of maximum cross sections are resonance defects, fiE, 

for some reactions are listed in Table III. 

From Table III) the predominant processes in the 5 KeV region 

should be ground state/ground state and ground state/1 S neutra 1 i za­

ti on. Their cross sections should decrease towards 1 ower eriergi es, 

and neutralization into the 1o state should dominate there. All 

transitions are optically allowed, and therefore their cross 

sections should be large (lo-16 cm2). 

Direct neutralizati.on of the metastable 4P ionic state should 

be infrequent at 5 KeV. Those into the 1o and 1s state are not 

even 11 allowed 11
• 

Conclusion: Taking into account the conclusion of Chapter II, 

3, according to which the 14c+-ions generated in this ion source 

are most likely in their ground state (2P), one would derive from· 

the application of the adiabatic hypothesis that: 1) The fast 

carbon ions are re~di ly neutralized, and that the carbon atom can 
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Table II 
! 

· Energy of Reaction Va 1 ues for Some Elementary Processes .• , 

tf- (eV) ~ Ref. 

I c c+ ll. 217 I.P. 33 

c .,. C ( 1 D) 1.3 
1 (3p) 

from ' 
c(3 ) > c( 1 ) 2.68 optical 92 p s 

spectra 
c(3 ) c 

p . ( 5s) -1.25 

+ 
c(2 ) c ( 1 ) -8.58 R.E. 93 

p s 

c(l ) -·10 .00 II II 

D 

c(3 ) 
I -11.26 II II 

p ~ 

+ 
c(4 ) 

c(5s) 
I p -12.40 II II 

I 
c .· ( 3p) -16.58 II II 

c ( 1 ) -15.32 calc. 
01 

c( l ) -13.9 calc. 
. s 

. - -- ~--- -- ~- -- -- - - -· - ~ .. ------~-+ -- ----- - ~-- --· - -- --,' --L ·--~- - - --. 
C6H6 C6H6 9.6 I.P. 33 

C6H6 C6H6 * <4 vibrational ·excitation 
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Table III 

Maximum Cross Section Energies 

j6Ej (eV) Em ( KeV) 

+ + 
C(2 ) + C6H6 C(3 ) + C6H5 1.6 5.4 

p p 

, > C(l ) + C6H5+ 0.4 0.16 
0 . 

+ 1.0 2.1 C(l ) + C6H5 s 

+ + 
C(4 ) + C6H6 c(3 ) + C6H6 7.0 101 

p p 

+ 
c(5s)· + c6H6 . 2.8 16.5 

+ 4.06 34.6 . ') C ( 1 ) + C6H6 
D 

> c(l s) .~ c6H6 + 2.7 15.4 

C(3 ) + C6H6 
- . + 10 210 ;,' c(4s) + c6H6 .. p 

-;.fi 
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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 energies 

reaction and charge exchange cross secti onsr are becoming i ncreas-

ingly com~arable. 2) The dominant electronic state' of the ne~­

tralized carbon should be 3P and 1s at energies above 2.1 KeV. At 
I I 

lower energies the first metastable state 1o should be most abun-
1 

dant. Whether deactivation of this. state (and also that of the 1s 

state) to the ground state (3P) occurs with sufficient frequency so 

that most carbon atoms could be considered to be in their electronic 

ground state as they enter the 'chemical energy range cannot be pre-

dicted from the adiabatic theory. 12 In the absence of specific 

information one has to accept the possibility of a mixture of 

e 1 ectroni c states among the carbon atoms parti ci pati ng in chemica 1 

reactions. The relative abundance of states is also, most likely, 

a function of the initial kinetic energy of the carbon ion. 
I 

-- ~ ~- -·~ -· ·-~- -~ ·-- -~ - ~- - -. -- ·-~ --~ -·~ ----- ~~ ~-- ~-----
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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: Libby94 (1956), Wolf95 (1956), 

Lemmon96 (1956), and Vogt97 (1963). During the completion of this 

study, Voi gt98 ( 1965) and Wo 1 fgang99 ( 1967) pub 1 i shed data on the 

same subject. 

Libby, and first also Wolf, generated fast 14c by the 14N (n,p) 

14 C reaction. Nitrogen was present in the liquid benzene in the 

form of aniline, 2~methylpyrazine, or acetamide (at concentrations 

of about 10%). Later, Wolf100 employed the 12c (n,2n) 11 c reaction; 

Voigt and Wolfgang the 12c (Y ,n) 11c reactio~ to create fast 
. . . 

radioactive carbon isotopes' Ul'\der conditions with smaller 11 radiation 

damage 11 to the chemical system than in the 14N (n,p) 14c reaction. 12 

Lemmon used a mass· spectrometer to produce a 14c-i on beam of l o-9 to 

10- 10 'am; intensity at 2 KeV .. Here the benzene was in so 1 i d form 

at -155°. All other workers used benzene in liquid form. 
. f 

A 11 workers have found 14C-benzene and to 1 uene as products. 

Libby94 also found di- and triphenylmethane. Lemmon 14 , 101 found 

1,3,5-cycloheptatriene, which was confirmed later by Wolfgang99 and 

v·oigt'. 102 Voigt97 and Wolfgang99 directed more attention to pro­

ducts with molecular weights smaller than benzene. The most abun~ 

dant is acetylene (ca. 7%), followed by diacetylene with ca. (5%)~ 

!~ethane is found in yields of 0.2%. 97 Benzene, toluene, and cyclo­

heptatrien~ were generally found with ca. 2, l, and 4% yield. 
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Voigt also found phenylacetylene at 2% yield. 102 

WolfQang9~ investigiated the
1 

yields in solid, liquid and gaseous 

benzene (70 mm Hg), the latter also in the presence of 02 as sea-
l 

venger (3.5.mm Hg), orNe as moderator (benzene 40, neon 760 mm Hg). 

b) I~t~rpretati ons 
1 

I 

Reviews of the ~xperimental and theoretical work in hot-atom 

chemistry of carbon in various systems were given by Willard (1955), 103 
I 

Wolf (1964), 104 and Wolfgang (1965). 12 

The general re~ction scheme can be concentrated like this: 

1) Carbon forms CH2 in hydrocarbons and reacts, in this 

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

therefore assumed as p.recursor for toluene100 and cycloheptatriene14 

from benzene, and for various other analogous products in other 
! 

· sYstems . 12 
,i 

2) Carbon reacts initially by two insertion mechanisms: 

11 C-W and 11 C=C bond insertion ... · C-H insertion leads to the forma-

tion of a carbene which could undergo a bimolecular condensation 

with another substrate molecule: The observation of several c5-

compounds from ethylene !i.s a good indication for this. 105 Or, the 
I 

carbene decomposes due to high internal energy (Wolfgang suggests 

_thatt~e_spin_ state might be the determining factor12 ). Acetylene.·.· 
• - -- •• ----- ~ -- '-'--- •- -~ ,- -- -- -• ~ n -•- ~ -· ·--" ~ -- __,. __ ~,- -"'~- -~- ~ -•- ~_,_._ ~ ,., _v,_.. 

is believed to be the main product of this decomposition rout~. 106 

C=C bond insertion
1

is demonstrated by the observation .of good 

yields of allene and methylacetylene from ethylene. 107 Allene was 

labeled in the center carbon by a ratio of ca. 2:1 over the end 
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carbons, while the methylacetylene showed a labeling pattern close 
I 

to random. 

For benzene, Wolfgang postulated 11 C7H6 adducts 11 of various 

conformations which were assumed to decompose to the low molecular 

weight products or form polymers in bimolecular (or chain) reactionL 

The increase of polymer, i.e. compounds with higher molecular 

weight than 100, from 80% ~ 7 to 93% ~ 2 when going from the pure 

vapor system to the neon~moderated (760 mm Hg Ne, 40 mm c6H6), was 

interpreted as an indication for this hypothesis. 99 

The fact that scavengers (DPPH or o2) do not seem to alter 

the hot-carbon chemistry in benzene is attributed to both the high 

reactivity of carbon and its primary adducts with benzene--a 11 pre­

sumed to be 11 thermal 11 or near-therma 1 reactions. This i nterpre,... 

tation, of course, is contrary to the usual hypothesi~ that sea-

vengers are effective only for thermal, not 11 hot" radicals, i.e. an 

insensitivity of a product yield to the addition of scavengers is 

attributed to the 11 hOt 11 -ness of the radicals involved. On the 

other hand, the variation of the yields in the moderated system, 

i.e~ lowering of the acetylene and benzene yields, do not seem to 

be conduci v.e to a definite interpretation. 

The formation of 14c-benzene, as in general the apparent re­

placement of 12c by 14c in the parental molecule, sometimes re,... 

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

the investigated systems. 
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c) Theoretical 
r I 

The only theory able to fully delineate hot-atom chemistry 

is, of course, quantum mechanics and quantum field theory. The 

absenc~ of accurate solutions (~r even test~d ~pproximations) to 

most chemical problems, however, make them almost totally useless, 

and semi-empirical theories,have to be 'developed. The demands on 
I 

any such ·11 the·ory11 are: It must reduce experimental data and allow 

generalizJtiolns onfuture experiments; andthe terms through which 

reduction is 
1

achieved must be amenable to comparison with terms 

from other th~ories which deal with the same problem or, better 

yet, should be potentially directly calculable from quantum mecha-
1 ' 

nics (see Chapter I, 3). 

Probably suggested by the general propensity in hot-atom 
I 

chemical systems to form the parental molecule, early quantitative 
I 

theories were based on. 11 cage models 11
, i.e. the data were interpreted 

I 

I 

in terms .of impact-induced dissociation of a molecule and recom-

· bination of the fragment radicals trapped in the cage, versus 

diffusion of reactive species away from the cage if their kinetic 

energy is suffi cienf to overcome the cage barrier. 108 The implied 

mechanisms seemed acceptable from the point of view of 11 mechanisms 11 

developed in organic chemistry, and it was hoped that this approach 

would be applicable to other reactions and products as well, not 

just the above replacement reacfi ons. The most fundamental quantity 

in this theory is the energy gap between the reaction threshold and 
I 

I 

the cage barrier. The larger this quantity the more successful 
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would this quantity determine certain gross features of hot-atom 

chemistry. Hhere this energy difference is small or even vanishes, 

as in gas phase reactions, the theory becomes inapplicable. The 

observation of many hot-atom products in.all three phases and the 

self-imposed limitations (~., by assuming as basis certain 

mechanisms, such as "di ssoci ati on" and "recombination"), have made 

many researchers turn away from this approach. Even in the phase 

most amenable for application of it, the solid, experimental evi­

dence for non-stochastic processes, as channeling and focussing, 63 

make the assumption of a statistical quantity such as cage\carrier, 

etc., a questionable basis. 6 

The "billiard ball" hypothesis, 109 suggested to account for 

replacement reactions, appeals for two reasons: First, it allows 

these reactions to occur at rather high energy (and it caul d, there­

fore, be a truly "hot"-reaction mechanism) if the collision is "head­

on" (the ,initial kinetic energy is only limited by the finite kinetic. 

energy after collision due to the isotopic mass difference [see 

Appendix C]); and, second, it _is applicable to any isotope. How-
~ . . 

ever, 1t is partly the,lack of analogy to orthodox organic-chemical 

mechanistics (for instance the implied absence of any chemical speci­

ficity), but mainly its ~onceptual incompatibllity with established 

rate theories that this theory has found few friends. Ct·oss and 

Wolfgang110 show, in particular, that an isotope effect of 3 would 

be expected for a billard-ball mechanism in the reaction of tritium 

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 

experiment~is the collision theory. 6•11 •111 - 114 The most fundamen- · 

tal term is the "collision", which is usually defined by the event 

of momentum change of _the initial particle. "Reaction" is des­

cribed to bccur with a certain probability, p(E) (a function of 

the relative energy, E) with respect to this collision. The 
I . 

"collisiqn" probability, n(E) (also a function of the energy) can 

be calculated from the kinetic theory under certain assumptions 11 

and "yields" expressed in terms of n(E) and p(E): 6 

y 
\) 

= p (E) n(E) dE 
\) 

Here v refers to the vth product; E
0 

and E1 are the reaction th res hoi d 

and upper limit, i.e. p (E) > 0 only if E
0 

~ E :: E1 . 
I - \) 

In the abo~e equation, n(E) must take into account the finite 

reactivity at energies higher than E. Wolfgang et ~. 112 • 113 found 
I , 

the fo~l,lowing expression us.eful as a working assumption: 
I 

n(E) dE 1 = . a.E [ .1 - ~ l fv · p)E) n{E) dE] dE , 

where f is the relative probability of collision with component v, 
1\) 

E (after collision) 
a. = -ln 

E (before collision) 

·:. 

This allowed them·to express yield data in terms of 11 moderator" con-

centration (1-f) (for the case of inert gas admixtures) and the 

.. 

_.. 
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reactivity integra 1 

El 
p (E) 2 f f ( f. ) I = 'I) dE y = I . K 

'I) E 
'I) a 'I) a 'I) 

Eo 

where 
p (E) 

'I) [t 
p (E) 

'I) dE] dE 
E E 

Iv (and thus Kv) are obtained from the limiting value of Yv · (a/f) 

for infinite moderation. This application of the kinetic theory 

lends itself quite well to the analysis of nucleogenic hot-atom 

moderator experiments. 113- 115 

Hsi,ung111 and Gordus 114 ' 116 have investigated the effect of 

varying the assumptions that enter the derivation of the collision 

function.n(E). ·.For instance, it is known that the assumption of 

isotropic (in the center of mass system) scattering between atomic 

particles is fairly good at large velocities (>1 KeV); however, at 

lower energies small angle scattering seems to be generally pre-
! 

ferred. They conclude that, due to the absence of sufficiently 

accurate elastic scattering data in the chemically important range 

of 1-30 eV, an absolute evaluation of the reactivity integrals I 
' \) 

is beset oy large errors. 

Their work points out very well the drawbacks connected With 

the calculation of the collision function from the Boltzmann trans-·.· 

port equation: 



where 

I 
n(E,Emax'Emin) 

I 
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k(E ,e:)dE: 

Em ax 

+ s n(e:) 
E 

l(E) is the particle flux at energy E entering the absorber 
I 

.[ 

·. JEmax 
1 

J 
b{e:)dE: = 

E . 
I m1n 

Emin a~d Emax are the e~ergy limits for this initial particle flux; 
lj 

k{E,E:) 1 is the probability that a particle has the energy E after a 

collision undergone at energy E: (~E); and E: is the integration 

variable on the energy axis. The remova 1 of primary particles due 

to reaction is being taken care .of usually by a perturbation calcu-
1~ 

lation at the n(E) determined rrom the above equation. 
, I . 

While this formulation allows the application of the well-known 

analyt~cal calculus it is too restrictive in the forms that k(E,e:) 
I 

can have in order to make the integral equation solvable. For iso­
·! 

tropic scattering, it is simply 1/E:, and n(e:) can be evaluated. Not 

so, if the predominant small angle scattering is to be incl~ded. 
; i 

,,_, On theother hand, the appearance of the independent variable E as 
I 

one of the integration limits makes it plausible that, if E<<Emin' 

-fne .. _conTs1onfuncnorn'llll -be- Hfdepenclent·~of-E~---and·-E- :--·and------,--
1 max m1n 

also rather insensitive to the fine structure of k{E,e:) at high 
I . 

energy. Therefore, if deviations from the asymptotic collision 
I 

function, n(E) = 1/aE, are found or expected at low energies, i.e. 

in the chemical range, it seems clumsy to have to evaluate integrals 

\~ 

\ 

' 
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covering a large energy range which may contribute only very little, 

while it is difficult to tell just how important it is. Furthermore, 

it seems equally clumsy to first calculate the collision function 

assuming certain reaction probabilities and then calculate the 

reactivity integral by making the same assumption again. R. N. Porter 

has, therefore, shown that the reactivity integral can be evaluated 

directly if the reaction probability p(E) and the collision probabi­

lity k(E,e:) are known, 13 or, ·if reasonable assumptions about them 

can be made in the chemical energy range. This approach also seems 
... 

more suitable for computation if p(E) and .k(E,e:) are available only 

in numerical,· rather than analytical form. 

Menzinger/ who determined that the yields of tritiated products 

from fast T+-ions in cyclohexane are dependent on the kinetic energy 
+ . . . . 

ofT between 3 and 200 eV, applied Porter's method and obtained the 

reaction probability functions p (E) for the different products. He 
\) 

. . 

also points out that with ordinarily obtainable accuracies this com-

bined experimental and theoretical method does not admit the evalua­

tion of p(E) for values of E much larger than the threshold energy, 

Eact' because the yield values are always integrals over the whole 

energy range below the initial energy, and therefore rather insensi-
I 

tive to changes of p(E) for E>>E t• 
1 ac 
I 

In the present investigations, the kinetic theory i-s applied to 

two different problems: the derivation, for a large energy range (1-

1 00 eV) qf the appro xi mate co 11 is ion function for one-, two- and 

t11ree-st(~P fast intermediates (Appendix B), and the approximatecoll1-

sion function for secondary (knock-out) 12c atoms (Appendix E). In 

order to keep the rather complex calculations-tractable, n was assumed 
. \ . 

to be 1/E, and k(E,e:) = 1/e: . 
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3. Ac¢ele1rator Chem1 ca.l Experiments 
I 

During the course of work for this thesis, about 60 "irradia-

ti o'ns" :were performed i nvol vi ng 12c, 14c, 14co-i ons and 14c-atoms 
I 

at energies between 3 eV and 15,000 eV. The target was benzene, ex-
' I 

cept f?r one irradiation of to 1 uene. ,The temperature of the target 

was -196°C with the exception of a few irradiations at -156° 

(freezing temperature of i so pentane) for "U-2" experiments. 
I . 

a) General Irradiatinn Procedure 

Approximately 100 JJl benzene were deposited on the target 

surface before the beam was turned on. This amount was sufficient 

to ascertain, by ~isual inspection, that the solid was growing (and· 

would continu~ to grow) in an even way over the whole area to be 

exposed to the beam. Such a layer of benzene is also sufficiently 

thick ~o that all carbon ions are stopped within the solid. 
I 

T~e flowrate during the irradiation was 120-150 JJl/hr, and the 

spacin~ of the nozzles such that about 80% of the deposited benzene 

was within a circle of about 1 em diameter (see Chapter II, 8). 

The recovery of benzene was between 50. and 70% (with respect to 
. I , 

~he total amount of benzene introduced). Most irradiations lasted;· 
I . 

depend·i ng on the purpose, between 1 and 3 hrs. When only yield 
I , 

- -·- ~da-ta~w~re-- to -be ta:K'en~ ·r nr was s-u-ffici ent.~r-rra-di·ati·ons-for~s-t:Jbse-~--

quent degradations of the products lasted 3 hrs and in one case 16 

hrs .. (For technical details se~ Chapter 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 JJ l were a 11 owed 

to deposit. Then the target section was valved off from the rest of 

the accelerator vacuum chamber and brought to 1 atm by filling with 

dry N2. The target, still filled with the cooling fluid"was then 

removed from the target box directly into a gl ave box which was con­

tinuously flushed with dry nitrogen. The solid was then scraped 
' 

off and transferred, in th"iS' form, into a LN 2-cooled viaL In some 

cases a metal foil disc (~ca. 1 em, gold or copper, 25 JJ thick) had 

been glued to the face of the cube target with s i 1 ver paint, and the 

benzene had b~en deposited on it. The whole disc plus solid benzene 
I 

could be easily pried off and transferred into the vial. 

After completion of the sample removal (which takes between 5 

and lO min), the vial was closed and kept at dry-ice temperature 

until processing. Very volatile products such as acetylene are, of 

course, lost in this procedure. In order to recover these compounds 

a gas transfer and trapping method has to be employed. However, 

in this thesis the main interests were the non-volatile, build-up 

products. 

The vial was made of a l/4 11 11 Covar 11 seal, the glass part drawn 

to a point, and the copper tube hard-soldered to a brass pipe fit-

ting. As a lid we used an aluminum plate with a fine hole in the 

center to allow a syringe needle to pass through. This hole was 

covered (on the outside) by a larger rubber septum. A teflon 0-, 

ring established the seal between the brass fitting and the aluminum 

plate. 
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c) Identification of Products 

Aliquots of the irradiation mixture were injected on gas­

liquid chroma:tography columns ( 11 Carbowax 20M 11
, or 11 Apiezon L11

, 5% 

on chrbmosorb W, 10• x l/4 11 I.D., 40 ml/min He, 70° for 12 min, 
I 

lQ 0/mi~ to 225°). Both columns keparate hydrocarbons approximately 

according to their boiling points, making the guessing of the un-
1 I 

known products• structure easier. 

The ~ffluent of the column was mixed with methane at 40 ml/min 

flow and counted in a 20 or 85 ml cylindrical proportional counter 

tube (Nu~lear Chicago). The counter tube and the connecting tubing 

between it pnd the ;Column· exit port were heated to 250° by electri­

cal heating tape (in order to prevent condensation of the h1gh­

boiling com~ounds). The plateau of the counter, a function of 
I 

temperature and flowrate, was determined in situ with a mild ex-
1,' ' ' ---

ternal y-source. This plateau was usually around 1800-2000 V, the 
I 

background 300 cpm. The electrical output of the proportional 

counter and the therma 1 :conductivity detector of the gas chromato­

graph were recorded on a two-pen 0-10 mV recorder, and the two pens 

set so that for a test compound (toluene- 14c) exact coincidence of· 
I . ~-

the po~ition of the two peaks was obtained. In the analysis of the 

irradiation~ mixture, the
1 

coincidence between an added carrier peak 
-- ~ • • -~-r~ __ .....,.. ----- ••• ---:- - •-- -- -- - -- • ~--·- . ........-. -·-· ~---·--• - ~--~ •-•-· • 

with one of the activity_ peaks was ·taken as indication for the 
I 

14 identity of the unknown . C-product (see Figure 22). However, in 

order to substantiate the identity, the carrier plus activity were 

tr~pped in·a~other run as they'emerged from the chromatographic 

.. · .. 
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CHT 

"'- cfrJ.le 
/ 

H 

TIME (Min) 
Temp:----~--~~----~--~----------------~----------------~ 

200° 200° .e----- ~ 10°/min. 
XBL 683-4120 

Figure 22. Typical glc-analysis of a 14c+-ion bombarded benzene 

sample (energy 5 KeV). Heavy, jagged line = proportional counter 

signal; light 1 ine = thermal conductivity cell signal from sample 
I . , 

benzene and co-injected carriers. Phenylhexane serves as 11 marker11 

and co-precipitant for 11 U-2 11 (benzaldehyde). 



column, and certain chemical reactions performed:on them (see Table 
: I I 
IV) whi[ch (preferably) produced a different carrier. Reinjection 

on the column of the product mixture and recording both the thermal 
I 

conducti.vi ty and the activity of the effluent revealed whether the 
.. I I 

"activity 11 had undergone the same chemical reaction as the carrier, 

s i.nce, 1usua lly, the retention time of the products were different 

from the original compounds. 

Actually, it is also necessary to establish that all of the 

activity trapped, or, better, rkcorded as activity peak, was the 
I 
I 

particular suspected compound. Some significant part of it being 

of a different structure and without a substantial amount of carrier 

cou.ld have been lost in the chemical reaction, trapping, etc. This 

check was done,~· with CHT, by measuring the apparent specific 

activity of the CHT peak and, later, that of its Diels-Alder-adduct 
' I . I 

(see Table V). The result was that the CHT peak contained at most 

5% contamination. A particularly important co~p6und in this respect 

was benzene. B~cause of the l~rge amount (10-20 A) the peak is 

rather broad and a number of other compounds could be buried under 

it. The product benzene was therefore trapped, its apparent speci-
. . I 

fie activity determined and the same sample subjected to certain 

treatments as listed in Table VI. After each treatment the apparent· 

·spet-ifi c:· ac·tTvi ty-was-ae·termi·n·e-d ·ag·ai-n~-- -Wi·th·i·n- -the ·e-xpe·r~-ment-al-· - ~-

. error'limit (3%) no change could be observed. Unless the contami­

nant radioactive. compound was as unreactive to Br2 and Pt/H2 as 

benzene, the "benzene" peak in Figure 22 consists of benzene only. 
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Table IV . 

Results of Specific Chemical Reactions on the Eight Major 

Compounds Obtained from 14C/Benzene Interactions 

Compound 

Benzene 

Toluene 

Reaction 

Hydrog. 

KHn04oxid. 

. Hydrog. 

Product 

Unchanged 

Benzoic acid 

Unchanged 

--------------------------------------------------------------
CHT Hydrog. Cycl oheptane 

---~----------------------------------------------------------

U-2 

Biphenyl 

Hydrog. 

Hydrog. 

Cr03-;oxid. 

. Hydrog. 

Se02-oxid. 

Hydro g. 

Toluene B, 117 

Methyl cyclohexan~,ll? 

Benzoic acid 

Unchanged 

~ co 2 

Unchanged 

-----------------------------~---------------------------------
. ~CHT Hydrog . ~cycloheptane 

.. 1. 



f;;.f,j,r.'"! 

-120-

Table V 

Radiopurity of Cycloheptatriene 

Expt. Weight Specific acti. vity 
Sample No. (mg) in (dpm/mole) x 108 

Injec~ aliquots of n-pentane 1. 763 1. 61 

solution of CHT;. 14c; trap 2 2.822 1 . 61 

CHT 3 2.943 1.60 

Diels-Alder adduct * 1 0.975 1.53 

2 2.035 1.53 

·*Dimethyl acetylene di carboxyl ate (prep. as in ref. 117). 

Table VI 

Radiopurity of Benzene 

Sample 
Ex pt. 
No. 

Weight Specific activity 
(mg) in (dpm/mole) x 1Q-.3 

Inject aliquots of n-pentane 1 
I 

I 14 
solution,' trap benzene- C 2 

Hydrogenation 

Bromi nation I 

3 

----------------· ---

4.627 1. 95 

4.120 2.01 

3.077 1.93 

2.126 1. 93 

4.304 l. 93 
----------------

1.430 1. 96 ~ 

*Here the trapped benzene was reinjected and re-trapped in order to 
i 

eliminate some back~round mass contamination ~hich appeared in the 

first run. 

.. 
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In this way the following products were identified: benzene, 
. . ! 

toluene, cycloheptatriene, phenylacetylene, biphenyl, diphenyl­

methane, and phenylcycloheptatriene.ll 7 ·(It cannot be said which 

of the 'four isomers of phenyl cycl oheptatri ene the actual product 

is, or ;if it is a mixture, since this compound isomerizes strongly 
I 

I 
under the high temperature conditions of the gas chromatography, 

presumably due to transannular hydrogen shifts.ll 8 ). 

d) Hydrogenation of the Irradiation Mixture· 

For two reasons it was found feas i b 1 e to hydrogenate the 

reaction mixture before analysis: 1) Some (possibly highly strained) 

products might decompose on the hot injector (usually 250°) of the 

gas chromatograph or on the column and thus not be detected. Hydro­

genation, however, might stabilize this compound. 2) There may be 

a large variety of compounds, such as various unsaturated n-alkyl-
1 

benzenes, which are not separable on the column and which, there­

fore, make up the structure-poor rising background (see Figure 22). 

Hydrogenation, however, may 1 ump many of them together to one and 

the same saturated product. This, indeed, was observed (Figure 23). · 

n-Alkylbenzenes, with n = 2, ... ,7, were identified, yields deter­

mined, and for the other compounds, mentioned in Figure 23, upper 

yield limits established (see T. H. Lin, Ph.D. Thesis, University 

of California, Berkeley, 1969). 

e) Routine Yield Determ.ination in 'the Unhydrogenated Sample 

A simple method'had tobe established which would give, 

fairly .reproducibly and quickly, yield data .. The simplest would 

'i' 
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cpAcp 
I 

0 
cpH I 6 -c/>2 cpMe I I ~ I 

(5)_1 f Injection 

~~ 1 ;f)5J ~ II II 
II II II tl II 
'II- II Ill II 
I I II Ill II 

II Ill 11 I I II 111 II 
I \ II ttl I I 
I \ I J .111- I I 

I I, Itt I 
I I 

I 

TIME (Min.) 
Temp: 

250° 250° +-----D. 10° I min. 80° 
XBL 683-41\9 

Figure 23. Typical glc-analysis of a hydrogenated, 14c+-ion bom­

barded benzene sample (energy 5 KeV). Heavy, jagged line= proper:,: 

tional counter signal; light li~e = thermal conductivity cell 

~----~. s-i-gna-1-f-rem-s~amp-le-t>en.zene-and-the,-hyd.rogenation_p_r-o_du.cts_o_f 

... ~. carriersadded prior to hydrogenation. 'Dotted lines = approximate 

retention times of compounds which were sought, in separate analyses, 

for mechanistic reasons (Tz-Hong Lin, Ph.D. Thesis, University of· 

California, Berkeley, 1969) but which were not co-injected with 

this sample. 

-~ 
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have be~n to integrate the output of the propor.tional tube over the 

peak area and correct for residence time and efficiency. However, 

a few trial runs showed severe di ffi cul ties of reproducing data, 

and large changes in the efficiency. This is probably due to the 

high temperature at which the proportional counter .tube has to be 

kept to prevent condensation.. This high temperature has an adverse 

effect upon the 11 length 11 of the plateau, making the output rather 

sensitive to minor changes of the counting gas mixture. 

The following method pro.ved fast and relatively reliable (used 

for the yield data in Figures 24-28): After the benzene was melted 

the total volume was determined by drawing the liquid into a 500 11l 

syringe and returning it again into the vial. 'An aliquot, usually 
I 

10 11l, was then withdrawn and counted in 11 Toluene.11 -Scintillation 

solution' (4;5 gr PPO, 0.1 g POPOP per liter toluene) in a scintill.a.:.. 

tion counter. Using the aliquot factor the 11 total recovered activity 11 

could be determined. This figure usually agreed within 10-15% with 

the 11 total incorporated activity 11 as determined by target current 

integration. The 11yields 11
, below, however, refer to .. total re-

covered acti vity 11
• 

In most cases, 10-20 11 1 aliquots were then mixed with a solu­

tion of the carriers (each 0.2 to 0.5 mg) and injected on the GLC. 

column. A glass capillary was tightly connected to the exit port 

of the column (via a punctured rubber septum fitted into this port) 

and the effluent of the column bubbled into a standard (12 ml) scin­

tillation counting vi~l filled with t~e scintillation solution. The 

vials were changed in accordance with the appearance of peaks from 



". '\ \ 
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CYCLOHEPTATRIENE 

.1% 

YIELD 
TOLUENE 

BEAM ENERGY ( eV) 

• Ions 
o Atoms 

e Spread Beam 

. XBL 691-4083 . 

Figure 24. Yields of toluene and cycloheptatriene versus 14c+-ion. 

beam energy. , 
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' ! 

PHENYL ACETYLENE 

+ 
I 
I • 

1% • Ions 

YIELD 

O.l%L---~--~-------L--------~2~-----1~0~3--------10~4~-----1~0~5_--~ 
-----:-------:--,---------------1----lO'----lO, ___ _._).L_ ___ ~,---~~_;;_:.;._--'--__:_ __ -· 

BEAH ENERGY (eV) 

XBL 691-4080 -_. 

Figure 25. Yield of phenyl acetylene versus 14c+-ion beam energy.:~ 
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U-2 

10 

BEAr~ ENERGY (eV) 

XBL 691-4082 

Figure 26. Yield of "U-2" (benzaldehyde) versus 14c+-ion beam 

energy. 
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,._I i' 
I 

I 
1 I 

10 

BEAM ENERGY {eV) 

I 

• 

4-
10 

BENZENE 

BIPHENYL 

XBL 691-4081 

Figure 27. Yields of_benzene and biphenyl versus 1-4c+-ion beam 

energy. 
<.-
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Figure 28. Yields of diphenylmethane and phenylcycloheptatriene 

versus 14c+-ion beam energy. 
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the thermal conductivity detection of the carriers. The glass 

capillary was changed a~d possible condensation flushed into the 

same counting vial after each trapping. Checks with a standard 

14 ' 3 · C-toluene sample (column injection of 10 ~1 = 1.23 x 10 dpm) 

showed that the total activity trapped in the counting vial agreed 

within .:!:_ 5% with that of a directly transferred TO ~l amount. 

Figures 24-28 show the yield data for the main products. 

By the above method it was also possible to get a gross analy­

sis of the sample: not only the identified product~ w~re trapped 

but also whatever. emerged between them, and what emerged, for 1 hr, · 

after the 1 ast compound. (phenylcycloheptatriene). Under the 

assumption that by then most of the vola tile activity had been 

transported through the column and that the non-volatile products 

could not leave the beginning of the column, the usually-hollow 

11 injeCtor 11 tube (between the point of injection and the beginning 

of the actual GLC columh) was filled, prior to injection, with 
I 

column filling material. This tube was removed, by briefly dis­

connect; ng the co 1 umn, when the 1 as t peak (phenyl eye 1 ohepta tri ene) 

had emerged. Its content was added to a counting vial and vigor-
' 

ously shaken with tolue~e-scintillator soluti9n. This amount of 
I 

activity is a good meas~re of the total amount of polymer formed 
. I • 14 

· -~~Trf~thehcft~ a tofn--chemi·stry- of~the~-fast- ~ -C-~i-ons .. and~.atoms ... ~- Ia.bJ~ ___ _ 

VII shows such an activity accounting. Table VIII compares the 

main groupings of activity for an original and a hydrogenated sarriple: 
' 

The lower activity in the injector in the hydrogenated sample indi-. 

cates a higher degree of stability after hydrogenation (as expected1 

above). 
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I 

Table VII 

14c ActiVity Distribution Observed in glpc Columns 

Area trapped ,from glpc % of total activity injected 

Pre-benzene 0.4 

Benzene 3.8 

Benzene to toluene 0.8 

Toluene 1.8 

CHT 4.3 

CHT to phenylacetylene 3.2 

Phenylacetylene 2.2 

Phenylacetylene to U-2 0.6 
I 

U-2 2. 7 

u-2 to biphenyl 8.0 

Biphenyl 1.5 

Diphenylmethane 2.5 

Phenyl-CHT 6.4 

Emerging from glpc during 
succeeding hr (at 250°) 7.0 

Remaining in injector filling 37.4 

Total: 82.6 
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Table VI II 

Distribytion of Radioactivity in 
14c-Bombarded Benzene Target 

' Activity Found 

In GLC injector 

In identified. compoun~s 

Between identified 
compounds 

I 
I 

Emerging ~uring one 
hour following last 

' I 

identitied compound 

I 

Total: 

Percentage of Total Activity 
Injected on GLC 

Non-hydrogenated . Hydrogenated 

37 16 

25 30 

13 23 

7 14 

82. . 83 

--~- --·~-----------~--~~~--- ~-..__,._ -~ ---~ --~~-
~ "-------. ~--~~~~----- ~- ~ --- - ~~- ~~~ ~ - -- -, 

, . ... 
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The above method yields good yield data if the, products are 

separated and the "background" contamination is negligible. If 
. ! . 

these conditions are not fulfilled the (lpparent yields will be 

dependent on the general conditions of the chromatogram. The 

yield data of Figures 24-28 were accumulated over a long period 

of time during which not only the used column changed its perfor­

mance, but also different columns were used (although all of these 

were CW 20t~ and in make-up nominally "identical" with one another) 

and occasionally different programs (upper temperature limits be­

tween 200° and 250°). Each entry represents one i rradi.ati on. A 

single dot indicates only oneyield determination. Vertical bars 

indicate the range of "yields" when more than one chromatographic 

analysis was performed on one and the same irradiation sample 

(sometimes up to four or five). In general, the variations are 

large but not 1 arger than between i rradi ati ons, so that the trap­

ping method seems commensurate to the long-time reproducibility 

of the glc column conditions. 

In order to avoid over-concentration of entries at 4-5 KV 

energy., some points are shifted horizontal1Y· In view of the 

large "vertical" uncertainties, ,thif seemed quite acceptable. 

The abscissa values (kinetic energy of the carbon ion) are un­

corrected, i.e. they are the difference (in eV) between the po­

tential of the arc ahode and the liquid nitrogen cooled target. 

All corrections, however, would decrease the true ion energy: 

True beam energy (Chapter, II, 5), -1 to -2. eV; finite perveance 

in neutralization of the benzene target (Chapter II, 8), -4 to -7 eV. 
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The gross analysis shows that in this method we: are able to 
'I I 
I ~ 

. , I 
account for ca. 80-85% of the activity in the s.ample. The dif-

ference to 100% is due to experimental errors, volatile compounds 

(which are lost in this procedure and which' may total 5-10%12 ,117), 
. I I 

and incomplete activity 'recovery (~.' some activity may be per~ 

manently deposited in the column). The activity recovered imme­

diately after irradiation is, within the experimental error of 

ca. 10%, equivalent to the irradiation-time integral over the 

beam current. 
I . 

With only a minority, i.e. 25-30%, of the incorporated acti­

vity accounted for in i-dentified compounds, it is i mposs i b 1 e to 

delineate the chemical fate of fast carbon ions inb'enzene. One 

can, at best, attempt to set up~ investigate, and perhaps sub-

stantiate particular mechanisms for these particular identified 

products. r 

As attention. is being turned to the 1 ower-yi e 1 d products more 
r I 

sensitive methods for identification and'yield determination are 
I 

requjred (see T. H. Lin, Ph.D. Thesis, University of California, 

Berkeley, 1969). More accurate yield-energy data may be required 
I 

by, or stimulate, more detailed theoretical work. 

I 

-------- fJ_~Mtsoce]Jarte_o_us __ JtrctcP ati ons 

1) 14c-atom irradiations. 14c+-ion beams of 500, 1500, and 

5000 eV energy wefre neutralized with approximately 30% yield as 

described in Chapter II, 4. The remaining ion beam was deflected 
' 

electrostatically upon a' second benzene target. The ion and atom 
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beam were we 11 defined and the activity incorporated into each of 

the two targets was in close agreement with the intensity integra-

tion. Both samples were analyzed separately. The yield data are 

entered in Figures 24-28 as 11 atoms 11
• There is no significant change 

in comparison with the 11 ion 11 yields, supporting the notion that, at 

least above 500 eV, the reacting species is independent of the 

initial charge. state and is, most likely, atomic carbon. 

2) Spread-beam irradiations. In 11 normal 11 (high energy) 

irradiations the ion beam was focused into a ca. 0.4 cm2 area. In 

order to investigate whether a .. radiation damage 11 in the sense of 
' 

Chapter I, 2 exists, the beam flux density at. the target was decreased 

by rough l.Y a factor 10 by over- and underfocus i ng at the two cylinder 

lenses. Yield data are entered in Figures 24-28 as 11 Spread beam11
• 

Again, no significantchange is observed. However, tile spreading 

. factor may not be large enough, and it is possible that the ratio 

of ions to benzene molecules may have actually been increased at the 

fringes of be~zene deposition, thus canceling the effect of a de­

creased ratio at the center of deposition (compare Chapter I, 2) • 

. 3) 14co+ d 12c+ · d · t · Th · an 1rra 1a 1ons. ese exper1ments were 

discussed in Chapter II, 9 in connection with the 11 U-2 11 problem. 14co+ 

beams were available with ca. 15 llA intensity, 12c+-beams with the 

usual 1-2 llA intensity. 

4) Irradiations at -156°. The. experiments are also dis­

cussed in Chapter II, 9 ( 11 U-2 11 problem). 

5) Irradiation of toluene. The main purpose of irradiating 

toluene was to confirm mechanisms postulated for products from 
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irradiations of benzen~ (see below). The CH 2-insertion products 
; .. I , 

ethylbenzene, xyl enes, and methyl cycl opeptatri enes were i denti fi ed 
. I l I ,... . : 

in the irradiation of toluene; also styrene and phenylacetylene, as 
I 

I 

expected from carbon hot-atom chemistry in alkanes and alkenes. 

'! 

4. Interpretation of the Yield-Energy Data 

In this chapter an attempt is made to interpret the yield data 

-of Figures 24-28. In Crapter I I I, 1 d an, ac_count was given of the 

. considerati.ons pertaining to the questi,onof the electronic state 

of the carbon atom or ion in the benzene target. It was concluded 
,I 

that, while- at energies above 200 eV the prevailing species is 

atomic (3P, 1o, 1s) the.re is an increasing possibility of carbon 

ions participating and determining the course of reactions at lower 

energies. In the same chapte·r it was also pointed out that calli-·· 
'' 

sions take place between essentially free atoms if the energy is 

--~~ --20--eV~-or~·mo.r-e-.------- __ · · · .. 
. - -~~~-------- ~.--~-~- ~~- ·-~-·--~--~---:~ 

• j . 

In Appendix C it i~ demonstrated that on the basis of classical 
' . ' . . . 

mechanics of binary collisions even above this energy limit (20 eV); 
I 

chemical bondsmay be formed which are sufficiently long-lived to 
. I . 

survive until stabilization occurs through subsequent collisions or 

·-
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reactions. However, this seems to be limited to small molecules 

only. In contrast, complex formation with the large target mole-

cule as a whole can ~ucceed only at energies in the order of bond 

energies. The question as to the validity of the assumption of 

binary collisions (at very low energies) in such a dense target, 

and also the· question concerning the actual freeness of the assumed 
I 

fast intermediates CH2 and c2, remain basica1ly open and are valid 

criticisms. 

We confine ourselves, therefore, to the high energy range, 

>10 eV, where these assumptions are fulfilled probably better than 

anywhere else. The calculations of the collision functions and 

yield-energy curves for pick-up products (see Appendix B) very 

basically hinge on these assumptions. 

By what dynamics, or even just how probably a particular pick-up 

occurs, is very difficult to predict. That the energy of reaction 

is of importance is intuitively correct:. A very exothermic reaction 

requires efficient energy di ssi pati on away from the newly formed 

bond; The more positive J.JA (Appendix D) the smaller the chance for 

survi va 1. Very 1 arge ·endothermic reactions, on the other hand, 

which are often excluded from thermal chemistry, may be more im­

portant in this hot-atom chemistry because of the large relative 

kinetic energy available to the colliding molecules. This is only 

true for large .positive or negative yalues AH, because at lower AH 

the energy barrier of the reaction wi 11 determine the course of 

reaction. 
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At present, a lot of detailed information is coming from crosseQ­

beam work on very specific atomic and ionic systems} While they 

exhibit occasionally some beautiful simpl 1 i~ity of interpretation, it 
' I I ' 

is still very difficult to generalize from there to other chemical 

systems. McGowan et E.!_.) 19 ~·find that in charge transfer reactions 

between Ar and N2 at ther~al. energies, the endothermic reaction· cross 

section is 20-fold smalle1r than the exothermi~ reaction in the same, 

however, e 1 ectronj cally and vibration ally excited, sys tern. It is un­

known, however, under which conditi.ons this finding c~n be generalized, 

so that possible reaction pathways could be excluded, for instance, 
I 

on the basis of whether the enthalpy of reaction is positive or 

negative. 

In face of the extr~me complexity of our investigated system, 

we have tb, in interpretihg our results, make a few clearly defined 

assumptions (Appendix B) which are justified by a va·riety of reasons: 
I 

~imilarity with other 'systems, plausibility, simplicity, mathematical 

tractability, etc.· If the conclusions, drawn from these assumptions, 
. I . . 

agree with the experimenta 1 · results, it is taken as stimulus for 

more clarification rather than as a proof of the assumptions. 

Next to the changes of the electronic make-up of. the fast car-

bon ion, /thJ simplest chemical reactions are the pick-up ~f other .... 

atoms, in/ particular hydrogen to form CH and in subsequent similar . \ I I ' ' 

ste-ps--CH2; CH3, · etc:--suctr~rea~cti-ons-·cou-ld-·we 1+ p-Y-'oceed--vj.a-a. -·~s.tr:tp_~ __ ,:.,~ _ 

ping" mechanism. 3 Heavier atoms or even molecule fragments may also . 
i ; 

be "picked-up". However, th_e heavier the picked-up part becomes, the 
I 

. more questionable becomes the term stripping. Finally, the carbon 

. .. 
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may form an 11 adduct 11 with a target molecule, and fragmentation may 

be incomplete or not occur at all . 

Appendix C contains the mathematical details for the classical 

mechanical derivation that hydrogen atoms may be picked-up by a 
' 

carbon atom at kinetic energies as high as 50 eV because the amount 

of internal energy appearing in the CH molecule after formation 

may be only a small fraction of the kinetic energy. As the mass of 

the picked-up part increases, this fraction also increases so that 

the upper energy 1 imi t at which such pi ck""UP could occur decreases 

(C2 formation) .. Finally, in the formation of adducts, almost all of 

the kinetic energy is converted into internal energy. 

The sharply decreasingyields of toluene, cycloheptatriene, and 

phenyl acetylene as the kinetic energy of the carbon ion decreases 

below 100 eV are, therefore, qualitatively interpreted as being 

due to a decreasing contribution from high-energy pick-up reactions 

to the final formation of these compounds. In contrast, the essen­

tially constant yields of benzene, biphenyl, diphenylmethane, and 

phenylcycloheptatriene indicate that these products are formed in 

low-energy reactions, i.e. via initial formation of relatively --
stab 1 e 11 adducts 11

, and subsequent rearrangement or further bi-

molecular reactions. A condensed representation of 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 cycloheptatriene are formed from CH2 in 
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I I r:' I. I 
I . 

APPROXIMATE ENERGY RANGE: 
·100-0 eV 10-0 eV 5-o ev 

STEP 

I 

0 cl c 

"1~ . I : 

C2H CnHx CH , c2 

2 

3 

SCH(ME OF REACTIONS OF FAST CARBON ATOMS 

XBL 691-4087 

Figure 29. Scheme of reactions of energetic carbon atoms and 
I . 

- ----.- ---f-i·na-1-p-roduc.t-fo.rma.ti_on_i n.-."---!b~e::.!.n!7z~e:.:..n.=ce·_!_, ....:f~o:..:r_r:P.:.,r..:.:i n~c:..i:..!p:..::a:.:l~e:..:_ne:..r:....:g~y:_:_r_:a~n.:_ge:s:.:_. --.,'--:.;__ __ 
11 Spiro-CHT 11 is the spiro[6,6]-1,3,5,8,10,12-tridecahexaene. 
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a bimolecular reaction with benzene. In Figure 29 are outlined also 

routes with CH or CH 3 as precursors. These, too, may exhibit quali­

tatively the observed yield-energy dependence. Quantitatively, 

however, the dependence should be different, i.e. the decrease 

should be the steeper the more pick-up steps are involved in the 

formation of the precursors. This is demonstrated in Appendix 8, 
I 

where under very simplifying assumptions for the collision density 

K and the reaction probabi 1 i ty r in the Dodson-Mi 11 er formula for· 

the yield of any product (reaction probability r), 

y = 

the collision dens'ity functions for C, CH, CH 2 and CH3 , and the yield 
"i' 

versus energy curves for the final products, cycloheptatriene and 

toluene, were calculated. A qualitatively correct curve shape was 

obtained. However, our results are too inaccurate as yet, as that' 

a quantitative analysis could be performed. Assuming for the H 

pick-up probabi 1 i ty an energy dependence of the form 

r(E) 

one finds that n has to be very small in order to obtain a value for 

E
112 

(the energy at which the yield 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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ve.ry nearly energy independent, or, because of the definition. of r 

(Chapter III, 2), that the .. pJck-up reaction cross section varies 
I ~-~· 

approxi~atei; as l/E112 .,,,, · 

However, there are two points of gre~t unce1·tainty: 1) At low·' 

kinetfc energies it is not certain anymore that the carbon ion has 
,· 

been neutralized before it undergoes pick-upreactions. The yield 

drop could, 'therefore, just reflect the competition between charge 

exchange and pick-up reactions--if it is assumed that the carbon 

i~n does not undergo the pick-up
1
reaction. Wh~le there is rio com­

pelling reason for .this or a simi
1

lar assumptio~, this point must be 
' ' l . . I 

borne in mind. 2) In the calculations of Appendix Bit was assumed 

that the collision function Kis !independent of the i~itial energy 

E8 .-(except that K = 0, forE> E~). ~This is almost certainly wrong. 

Platzek'sll calculations of K, assuming hard-sphere isotropic 

scattering in binary collision between atoms of different masses, 
' 

show that near E8 , K can be much fsmaller than· the value extrapolated 
' I I . ' 

from the low energy, asymptotic branch of K. (In Appendix B only 
'' this asymptotic solution, which is,independent of E8 , had been used.) 

If K shows a simila~ behavior in the system under study, some of 

the :apparent yield decrease is 'due to a decrease of Kover the 

range in which pick-up can occur. (Whether this changes the "half­

point" value and thus n is not certain.) This decrease of K with 

de.creasing E8 may, and most certainly does, become effective al"" 

ready where E8 is sti 11 well above the upper energy 1 imit of the 

pick-:-UP reactions. One can, therefore, not conclude that this limit 

coi-ncides with the energy value at wh1ch the yielq begins to decrease. 
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This discussion of the results points out the grave limitations 

that this experimental method is subjected to. As long as K is not 

known sufficiently accurately, even a qualitative evaluation of r 

seems out of the question. It permits only relative measurements 

and, if the accuracy in the yield versus energy measurement is im­

proved, it may be pass i b le to determine, ~· whether the same 

manifold of precursors belongs to toluene and cycloheptatriene. 

As of now, the data indicate that if there were other precursors 

besides CH 2 , it would be CH3 for T, rather than or for CHT 

(Appendix B). 

It is generally assumed that toluene arises from C-H bond in­

sertion, cycloheptatriene from a C=C bond insertion reaction,. 

Partial degradation results (see Figure 30) support this hypothesis 

well for toluene (86% labeling of the methyl carbon), not well for 

cycloheptatriene. However, it has been assumed, 8 corroborated by 

many other pertinent observations (see Chapter IV, 4), that the 

deviations are due to intra-molecul~r isomerization immediately 
I . 

following the formation (see Figure 1 31). High energy in the initial 

collision complex may account for some isomerization to toluene, 120 ·. 

A mechanism involving CH is quite analogous, except that the iso­

meriz~tion is interrupted by a hydrogen abstraction. 

b) Phenyl acetylene 

Similar difficulties in interpreting the.yield versus energy 

curve arise for phenylafetylene. Again, it is fairly certain that 

a·high-energy pick-up reaction contributes to the production of 
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I 'I 

DISTRIBUTION OF ACTIVITY IN MAJOR PRODUCTS 

FROM BENZENE+ 5,-ooo ev 14c+ IONS 

I CH-<3o ±J> 

0
_}(55+1.5) 

-}. 
--·-. 45±1.5 

Toluene I ,3 ,5-Cycloheptatriene 

© 14.7±0.1 

. CH2-90.6±1.5 

© }4.7±0.1 

. I 

Di phenyl methane· 

I. 
. I 

Ill· .1..- 66+1 

[QJ. } 3.7+0.1 

Phenylacetylene 

. } 16.0±0.2 

.J...---51.8 ±.0.7 
·~-· 12.2 ±0.2 

- 9.5+0.4 
--- 8.0±0.4 

Phenylcycloheptatriene 

XBL691-4017 

Figure 30~ : Re~ults of partial degradations· of tile six major 
I 

products from a 5 KeV 14c+-ion bombardment of solid benzene 

(~c.cording to'Lin128 and Pohlit et al. 8). 
! --

. . I . 

.• 

. ;,.. 
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© 
14 

~~H2 H-sh ifts 

v~ 
CHT-7-14c 

14 
e.9>0cH 

CHT-2-14c 

XBL 691-4014 

Figure 31. Proposed rea~tion scheme of CH 2 in benzene, isomeri­

zation of the intermediates, and final, partially isomerized 

products (toluene and cycloheptatriene). 
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' phenylacetyl ene, but it is di ffi
1

cul,t tc;> ascer'4ain, whether this 
I ' I ~ 

reaction is due to a stripping mechanism, and just how large the 

upper energy limH for this reaction is. The precursor is very 

lik,ely a c2Hx, with x = 0, l, or 2. Appendix C, Figure 35, po1nts 
I 

outthe similarlties from .a classical-mechanical point of view 

between H- _and c ... pick-up ... The partial degradation of phenylacety­

lene su'pports this hypothesis, since 96.% of the activity is found 

in the acetylene rest. The extensive scrambling of activity _over 

the ci~ and s ... carbon (ratio 2:1) is interpreted as an indication 
" j .: 

that some of the c2Hx-precursors have been a free entity before 

undergoing the substitution reaction at benzene. 
I 

In Appendix s'the yield versus energy curve is calculated 

for phenyl acetylene by the same procedure as for to 1 uene and 

cycloheptatriene. The same reservations, however, apply here 

also. 

The above formation of c2Hx-fragments may also be a mechanism 

leading to acetylene, which is usually the most abundant and most 

frequent product in carbon hot-atom chemistry in hydrocarbohs. 12 ~ 104 . 

The yield of acetylene as a function of energy was not determined 
I . gq . I . .· I . • . . 

by us. Rose et al. - proposed a low energy mechamsm for the for-
·'- I-~-

mation of acetylene (C-H bond insertion by a carbon atom and 

subsequent breakage of the neighboring carbon-carbon bond, or, de­

pending on the', spin state', rearrangement to the unsaturated adduct)~ 

This mechanism was also based on results from double labeling ex­

per{ment~,106,121 which showed that in most cases both of the 
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hydrogens in acetylene originated from the same target molecule. 

Our high energy mechanism need not be in contradiction to this, 

since two hydrogens and the carbon may be stripped simultaneously 

(see Appendix D, 6H = 35 Kcal/mole for this process). 

c) Benzene, Biphenyl, Diphenylmethane, and Phenylcyclohepta­

triene 

From the independence of the yield of these products from 

the beam energy down to 3 eV, one concludes that in this case pre­

cursor and product formation take place below 3 eV. For diphenyl­

methane and phenylcycloheptatriene, the empirical formula (c13H12 ) 

suggests that a carbon atom forms an "adduct" with one benzene 

molecule, possibly with the conformation of carbenes (see Figure 32) 

.which finally undergo another "insertion" reaction with a second 

benzene molecule. Partial degradation results (see Figure 30) 

make a benzylidene the most' 1 i kely precursor for di phenyl methane, 

while both benzylidene and cycloheptatrienylidene may contribute 

to the formation of phenylcycloheptatriene. It is interesting to 

note a similarly high degree of label isomerization in the cyclo­

heptatriene part of phenylcycloheptatriene, as in cycloheptatriene 

itself (see Chapter IV, 3, 4). The deviations from the expected 

labeling pattern {100% in the a-carbon of diphenylmethane, 100% in 

the 7-carbon of phenylcycloheptatriene) are therefore, again 

assumed8 to be due to intramolecular isomerization (via hydrogen 

shifts) of the carbene cycl oheptatri enyl i dene. 
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Figure. 32. Proposed reaction scheme of carbon atoms in benzene, 

isomerizati.on of intermediates, and formation of the stable, 

partially isomerized end products. 
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No reasonable mechanism has been advanced as yet for the forma­

tion ~f benzene and biphenyl. From 'the present data one can conclude 
' I 

only that only low-energy reactions can account for their formation, 
I 

.putting an end to speculation about a possible high-energy 11 billard-
. I ) bal1 11 type of replacement reaction (see Chapter III, 2. One has 

to expect that atomic carbon is at least as reactive as CH 2:, which 

is known to react readily with benzene even after therma 1 i zati on . 
. 

With just enough energy, so that the initial adduct formation be-

tween carbon and benzene is reversible, but not too much energy, 

so that this adduct is sufficiently long-liv~d to u~dergo intra-

mplecu~ar rearrangement--this is most likely the mechanism leading 

to benzene. If in the adduct dissociation a 12cH is ejected, the 

product is a 14c-phenyl. radical which might form biphenyl upon a 

second reaction step with benzene. This mechanism appeals mainly 

because ,it generalizes the reaction mechanism postulated for di­

phenylmethane and phenylcycloh~ptatriene (see Figure 32). The 

label distribution in biphenyl indicates the degree of isomeriza­

tion before the presumed phenyl radical formation, and possibly 

also after it until it is trapped by another benzene molecule. 
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IV~ DEGRADATION OF 1 ,3,5-CYCLOHEPTATRIENE- 14c 

1. ~ntroduction 
I 

As part of the degradative investigations of the products, a 

partial degradation of 1 ,3,5-cycloheptatriene was carried out. A 

complete degradation was attempted; however, a practicable scheme 

could not be established. . I 

Cycloheptatriene (CHT) was first prepared by R. Willsttltter 

(1898). 122 and first found as product of the hot-atom chemistry of 

14c in benzene by Mullen and Lemmon in this laboratory, in 1960. 14 ,123 

. The chemistry of CHT was reviewed 1 ast by F. Santavy 124 in 1953. 

To our knowledge only one (partial) degradation of CHT has 

been performed previously. 125 A complete degradation, therefore, 

required the testing of a number of possible procedures. The 

following summarizes this. 
I 
The same reasons that make CHT an interesting object of studies 

of molecular dynamics make it also difficult to handle chemically: 

the general lability of conjugated trienes, the ease of formation 

of t~e symmetric tropylium, ion, the ease of intramolecular hydrogen 

shifts, and the tendency to react in different tautomeric forms 

tml/ard di ffe.rent reactants ( particularly as n6rcaradi ene). 

To achieve the degradation of CHT requires, therefore, not 

only 'the establishment of the optimum conditions for a degradation 

procedure and its app 1 i cation -to a radioactive s amp 1 e, but a 1 so the 

elucidation of the mechanisms involved in the degradation 
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reactions. Relatively little is known of the basic chemistry of 
I ,. I I 

the I unsubsti tuted. CHT' an'd 1 ess of the mechanisms. 

An example for this situation is its Se02-oxidation product, 

tropane. As is well kn9wn, Se02 oxidizes the methylene vicinal 

to a double bond or phenyl ring. 126 One would, therefore, expect 
I 

in the case of CHT that 'the correspondence between carbons fn 

reactants and products are as indicated: 

·. ' 5 . 

·4a·~6 
3 1 .... 7 

. --1 
. 2 

However {as described later), it turns out that all carbons are 

randomized prior to the formatton of propane; thus, this po~sible 

degradation route had to be abandoned. 

Besides mechanist~c uni~ueness, a degradation scheme must 
I 

also keep some balance between the information which it eventually 

provides and the time and labor involved in its realization. Some 

procedures were eventually abandoned,:or new proposals dismissed, 

because of this latter point. 

1.· 

·. _; 
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2. Degradation Attempts 
I 

a)' Degradation via the Diels-Alder Adduct with Dimethyl Acetylene-

di carboxyl ate 

·The first and only previous attempt to degrade cycloheptatriene 

was made by Juppe and Wolf, 125 in 1961 , who utili ied the fo 11 owing 

scheme: 127 

. 5 6 

·:o7 COOCH3 

I 4euc.·COOCH3 
I 2 1 c 150° u + Ill > 

46>7 c 3 . 1 

JocH3 2 COOCH 3 
3~ .. ·j 

2 
I a II III a 

COOH 
7 

@( Kt~no4-

A~ 6 
(4%) 

80°, pH 8.0 

COOH 
HOOC .. COOH 

III IV 

This partial degradation was sufficient for the solution of 

their problem, as they needed to decide only between randomized 

and specific labeling ... Although Alder and Jacobs 127 report yields 

of 56% of IV by reaction. (2), Juppe and Wolf (and we also) 

(l) 

(2) 
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obtained only 4%. This was felt to be prohibitively low for a con-
: ).' I • I , ' · 

tinuation of the ·degradation, since the overall yield of IV is 

only 2%, and the chemistry of IV is not known very wel ~. In 

addition, even a poss i b 1 e ring .opening ( 3), fo 11 owed by a Schmidt-
1 

degradation, would have led to the same problems of handling, 
I 

counting, and further degrading of the propane diami ne, as des-

cribed elsewhere. 128 

7 

:A~• 
7 

6~1 
51 · l2 

( 3). 

HOOC COOH 
HOOC COOH 

7 6 7 

:o: 
HOOC COOH 

NaN3 . H2N--cH2--cH2--cH2--NH2 ~ 
--------------~ 

H2so4 
2;5 

+ 2 C02 

. I 

A; much more conveni~nt parti:al degradation was achieved ·by 

utilizing the thermal d~composition ~f Ilia to v: 127 
I-

5 
.. 

OOCH 3 . COOCH 3 4 270° 4 
.. 

·24 hrs· + J[> (4) 
3 3 

.:,,-_ 

OOCH 3 COOCH 3 

III a v 

'>1, 
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Vie 1 ds for V, including puri fi cation, ·were approximately 80%. 
' ' 

In order to test the validity of this degradation scheme, the 

following points had to be considered: i) isomerization of CHT 

(I) before it undergoes the Diels-Alder reaction (1), 129 ii) iso-

merization of CHT during (1) so that the correspondence of 

positions between I and Ilia is blurred, iii) Ilia is the only 

source for V, and iv) carbon skeleton correspondence between 

V and Ilia. 

By choosing most favorable experimental conditions (~., up 

to 5-fo 1 d excess of II in ( 1), and no so 1 vent, in order to' decrease 

the residence time of CHT at the reaction temperature 1 eve 1 , 150°), 

it was possible to establish that the above points are of no, or 

only minor, importance. 

In order to show this, cycloheptatriene-7- 14c was synthesized 

by a r~ther new method: 130 , 131 

Cc14 
, yield so% (5) 

which was found to be far superior to the photolytic method: 122 

! 
': i 

hv 

3 hrs 

14c 

~.yield20% ( 6) 
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_both in yield as well as specificity. Doering et·a1. 132 and Roth133 

observed rthat~ 1n the photolysis of CD2N2 in benzene the product 
I I . I . ' 

CHT was extensively labeled in the 1 and 6., positions, apparently 

. due to 1 ,2-hydrogen (deuferium) ·Shifts .. However, cycloheptatriene-d2 

according to-(6) appeared specifically 7-labeled. 134 

When gl c puri fie.d cycloheptatri ene-14c, p·repared according to 
I I 

(5), was subjected to th~ degradation prodedure (1) and (4), 2.5% 

of the molar specific activityof I and Ilia were founp in V. This 

small label isomerization is believed to have occurred. during syn­

thesis (5), since a doubly purified sample of the· same batch of 

cycloheptatriene revealed only 3% activity in V '(see Table IX), 

r~ther than the 5%, expected i.f the ixomerization had been caused 

by excessive heating or other processes in the gas chromatograph. 

That thermal isomerizatibn during the Diels-Alder reaction also 

could not account for the 2.5% labelin~ was sHown by subjecting 

cycloheptatriene-14c to the conditions of this reaction (150°, 6 

hrs), without the presence of the dienophile II, before degrading 

it as above. (The possibility that the dienophile catalyzed the 
I 

isomerization is not excl~ded, of course.) The labeling in V was 

now 3.9% Assuming a first order decrease of I, because of the 

large excess of II, and ca. 94% completion~ i.e.· 4 half-lives for 
I 

I, in 6 hrs, the average
1 
~ifetime of a cycloheptatriene molecule in 

the reaction mixture (I) is 
• I 

6 

T 
0 i,- l rktdt 0 Gk2 [1-e-

6
k(6k+] )

1
] 

I 

\ . 
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Table IX 

Specific Activity xlo-8 mole/dpm3) 

Sample 

A) Synthesis 
(catalytic) 

B) 14c-CHT(A) after 8 hrs 
at 150° 

C) Re-chromatography of 2 samples 
of 14c-CHT recovered from a 
reaction mixture (tropane for­
mation) in order to check on 
is'omerization during this 
reaction 

D) 14c-CHT from irradiation #5, · 

Inj. 220°, Col. 75°, 
Det. 250° 

CHT 
I 

=100% 

11.6 

=100% 

11.6 
11.6 

=100% 

1.61 
1. 61 

1.60 

Adduct Phthalate 
IIIa or IX V 

11.6 . 294 
.292 

=100% 

11.5 

=100% 

2) 

2) 

1.52 
1.54 

=2.5% 

.457 

.449 
=3.9% 

.331 

.347 

=2.85% 
=2.99%. 

.732 

.742 

=105% =100% =48.3%4) 
-------------------------~---------------------------~----------------i . . 

E) 7- 14 c-CHT~ re-chromatographed: 11.6 2) 
2.34 

Col. 75°~ Inj. 250°, 2.24 
Det. 250° =100% =20% ----------------------------------------------------------------------

F) Re-chromatography of.a sample of 11.6% 2) .290 
· 97.5% labeled 7- 14~-CHT: Inj. · 

150°, Det. 150°, Col. 75° · =100% . =2.5% ----------------------------------------------------------------------
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I I ' 
Table IX (continued) 

Specific Activity x 10-8 mole/dpm3) 

Sample 

G) 14c-CHT from irradiation #16: 

Inf. 150°, Det. 150°~ 

Col. 75° 

l) Average, of. ca. :JO determinations 

2) Not determined , 

CHT 
I . 

2) 

2) 

Adduct Phthalate 
. ,Ilia or IX V 

... 

·'· 

2.52 
'2. 39 

2.39 

2.52 
' =100% 

1.09 

l. 12 

=45;0% 

3)The accuracy of the,values listed in this table is placed through 

experience ~t + 2% or less. 

4)The difference of about 3% between this value andthe corresponding 

· 
1
from G) is, within the limi'ts of exp~rimental error; due to the~: 

same .progr:ss in isomerization of CHT, measured in units of k, 
~. . . 129 . . 
t, as that of E). The correct~d value of D) ·and that of G) 

are therefore equal within the experimental error limits. "'' 
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-k·6 . where 0.06 = e , 1.e. k = 0.462, so that -r = 0.613 hrs, i.e. 

approxi~ately one tenth of the total reaction time~ The increase 

of labeling in V should, therefore, be only ca. 0.15% {1/10 of 

3.9 - 2.5%). Thus, the 2.5% label isomeriz~tion cannot have oc­

cur~d during reaction (1). 

1) Isomers of Ilia. Alder and Jacobs 127 believed that 

cycloheptatriene undergoes reaction (1) predominantly in its tauto­

meric norcaradiene form, Ia. There is no mention of any adduct 

isomers. However, a more careful glc analysis of a similar reaction 

mixture (7) by f~ilvitzkaya and Plate135 

0 
0 0 0 
tl \\ II 

@(: 
H H 

CH2 
+II~ + .. c 

0 \ 
c 
II 
0 

VI VII VIII 

yielded the adducts VII and VIII besides the expected VI. The same 
I 

was found by us the reaction ( 1 ) . Besides adduct II I a there . 

appeared an adduct, probably with the structure (IX): 

n11(COOCH3 

ll.J)\COOCH
3 

IX 

(7) 
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The yields were approximately 50% (Ilia) and 30% (IX). Attempts 
I I I I ' 

to separate the i
1

somers by .vacuum distillation fafled.' Thin 

layer chromatography (2.50. J.l silica gel, petroleum ether:ethy( 
I. I . . .. 

eth~r (3:1); development i~ 12 vapor) was successful a~d opened 

the way for large scale separatio,nby column chromatography. How­

ever, for small amounts, glc gave two well separated peaks. 

Identical micro-analyses and specific activities, when prepared 

from cycloheptatriene-14c, .proved the: isomery ·of the. two 'peaks. 

(In fact, IX was 1 ater used. to determine the specific· activity of 

the adduct~ whil~·IIIa was used for furtherdegradation.r ~The 

first emerging peak could easily be identified as Ilia due to its 

characteristic cyclopropyl absorption in nmr; this was absent in· 

the second emerging peak. 

The UV spectrum of each of the peaks exhibits a single band 

at 2450 X with E ~ 4 x 103 (mole/1)-l · cm~l Usin~ Woodward's 

rules for unsaturated carboxylic acids, one calculates 217 + 2 x 10 .· 

(a,s...:ring substituent) + 6 (carbometnoxy substituent) = 243 nm, 

in very good agreem~nt with the ~xperiment. The similarity of 

the two absorption spectra cor·roborates structure IX. for the com-

pound'bf the sehond peak. 
. I 

! 
_IX seems to be therm~lly ab6ut-as unstable as Ilia. However, 

it does not decompose to dimethylphthalate. This finding is in 
.~; : . 

line with the g~neral rule on the decomposition of 3,6-bri.dged-

1 ,4-cyclohexadienes: Bridges consisting of an even number decom­

pose as a reversed Diels-Alder a~dition; bridges with an odd 
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number decompose with di ffi cul ty and vi a different routes. 136 The 

cyclopropane bridge in IIIa is regarded as a substituted 2 carbon 

bridge. 

The second product of reaction (4), cyclopropene, is formed in 

only 1% yield. 137 This, together with the difficult chemistry of 

this compound, makes this product impractical. for further degra­

dation. It was hoped for some time t'hat if adduct isomer IX also 

decomposes to dimethylphthalate, a further step in degradation 

could be achieved: 

COOCH 3 COOCH3 4,6 COOCH3 
5 3 6 3,5 

+ > 
4 2 2,4 

_COOCH3 l COOCH3 1,3 COOCH 3 

IX a IXb 

However, the mixing of non-equivalent positions, first due to the 

two optical isomers IXa and IXb, is continued in the resultant 

dimethylphthalate due to its symmetry. The gain in information 

would have been only small even if reaction (8) had worked. 

( 8) 

Dimethylphthalate, according to (4), containi carbons 2 and 3~ · 

and their position equivalents 4 and 5, and it was hoped that th~ 
\ 

degradation could be extended to these positions of cycloheptatriene 

by degrading this phthalic acid. 

Phthalic acid was reduced according to Bayer: 138 
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I 

Na (Hg) . 
'I') 

pH 5 

Na (Hg) 

pH 8, 
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X' 
, I 

i 
(60 - 80%) 

(Y.i1 ~. · C.OO·H· 
~ (60%) 

COOH 

XI 

. I 

( 1 0) 

Oxidat-Ion by ·Mno4-;ro4- 139 of X· yielded about 60% oxalic ,acid while 
I l . 

no sucCinic a~id was obtained from XI. The overall yield in oxalic······ 
,· I ·. .. I I . . .·. 

acid is app.roxirhately 8%. While, theoretically, oxalic acid from 
i I I ; I I I ~ . 

· . • i · . I • • · . ·· · · · 
·X would have y1elded the act1v1ty of carbons 3 and 4, and thus by 

I I 

I 'I 

difference from: V a 1 so that of 2 p.nd 5, there ·were severa 1 factors 
. ,. 

militating a.gainst relying on this degradation scheme: n the in-
. I I 

herent ease of isomerization of x~ 38 to fsomers which could yield 
: . i I 1 . 

oxalic acid, stemming, however, from other carbons than 3 and 4; 

ii) the inability to measure the 'amount of isomeric impurities in 

X ( co,l umn and gas-chromatography failed, ~; to separate X and XI I . . . .. . . 

sufficiently well); iii) the pos
1

sibility of .isomerization during 

oxidation (see below) with the sa'me ~ffect as. i); and iv) the many , 
! - . . 

· ...• ~ 

tedious procedu~es involved in obtaining· the specific activity in 

this one position, coupled with the·many sources of errors. This 
. I I . • . 

procedure was, therefore, abandoned in· hope of a· more direct degra- · 

dation .. 
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b) Oxidative Degradations of Cycl oheptatri ene . 

1) Permanganate oxidation. The oxidation products in alka­

line permanganate should be malonic and oxalic acid according to: 

6 

40 COOH 
Mn04 

-

:7< 51~ 7 + 
pH 11 

COOH 

COOH 

COOH 
2,3,4,5 

with the carbon correspondence as indicated. However, in this two­

phase reaction~ at most, 4% malonic acid and 18% oxalic acid were 

obtained. The yields va~ied considerably, and because of the 

likelihood,of randomization via tropylium ·ion formation, this route 

was not further investigated . 

2) Se02 oxidation. Tropane was obtained in ca. 40% yield 

by oxidizing CHT with Se02 in dioxane: 

405---.:;;: 6 I .. I 7 + Seo2 
3 1 . 

> ()=a 90 min 

D~gradation of tropane from 7- 14c-cycloheptatriene according to 

the following scheme resulted in 6/7 label in the adipic acid, 

1/7 in benzoic acid. The interpretation is that in the oxidation 

step or prior to it, randomization {probably via tropylium ion 
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C
COOH \ I. 

. ·. + ~ COC)H 
COOH · 

' • I" ' 

.i 

. formation) occurs. 

usable. · 

This degradation scheme was ther~fore, not 
I' . 
I 

,·. ! '· . 

3) Ozonolysis. 

acetone) in ethylacetate. 

Ozonolysis was attempted at -80° (C02! 

The uptake of 03 was uniform jn time; 

arid quantitative, and partial ozonolysis was therefore also at~ 

tempted. ~owever~ in all cases, the yield in malonic acid or 
. . . 140 . ' 

maleic acid after work-up with H2o2 ,was less than 5%. There· 

always seemed to be a 3-5% yield in cyclopropane dicarboxylic 

acid, i ndi cati ng that some of the cycl oheptatri ene reacted as 

not·caradi ene. 

c) Reductive, Degradation of Cycl oheptatri ene 

1) Partial hydrogenation. Parti a 1 hydrogenation of CHT 

was attempted in n'-pentane over Pd/C! However, only very little 

1·,3-diene and no 1 ,4-diene was f6und. After 17 hrs the major 

product was cycl oheptane. Apparently, catalytic hydrogenation 

proceeds, once started, rapidly to the cycloheptene--which is of 

no use for the degradation. 

·.-: 

,, 
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2) Reduction with Na. Reduction with meta li c Na in c2H50H 

(or 1:1 methanol/acetic acid) at -5° yielded ca. 30%, cycloheptadiene-

1 ,4 and 25% cycloheptene. No 1 ,3-diene was observed. It was very 

difficult to achieve completion of the reaction. 

According to established mechanisms,141 the 1 ,4-dtene is the 

asymmetric isomer XII with respect to the isotopic ?~position: 

07 Na 07 0 ~ c2H50H 

XII XIII 

Even if this 1 ,4-diene is produced without admixtures from the 

symmetric 1 ,4-di ene, XII I, a subsequent oxidative degradation of 

this diene "mixes" non-equivalent positions of the original 14c-

. CHT. This makes this procedure very unappealing--not to speak of 

the definite possibility of isomeMzation during the. oxidative 

degradation of XII. 

Reduction of CHT with Na in liquid ammonia and excess ethanol 

produced only cycloheptene, which is almost certainly a mixture 

of isotope-isomers. 142 
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14 . 5 3 .. Partial Degradations of C-Cycloheptatriene from KeV Irra-

diations. Experimental Procedures and Results 
·: 

The following are experimental procedures pertaining to the 

partial degradation of 1~C-CHT according to (1) and (4), and the 

checking procedures on the va 1 i di ty of this degradation. 

1) Nitroso-methyl-14c-urea (NMU). 7.81 mg methylamine-

14c~HC1 in 1.23 ml of 50% ethanol (0.50 millicuries) was added to a 

solution of 67 g CH 3NH 2 ~HC1 and 200 g urea in 275 g H20. The mix­

ture was refluxed for 3 hrs. After the solution was cooled we 

added 70 g NaN02 and cooled the solution to -7°. This solution was 

then added slowly, with ·Stirring, to 400 g ice and 67 g H2s_o 4. The 

resultant crystals were filtered with suction, and washed with a 

little water. After 2 days drying in vacuum over NaOH, 76 g of 

crystals were obtained. They contained 53% of the total activity. 

Specific activity (6.6 mg substance was dissolved in 11 Dioxane 11 

s~intillator solution): 10.78 x 108 dpm/mole. 

2) Generation of 14cH2N2 and preparation of CHT-7- 14c. 

21 g NMU was added slowly to 50 ml 50% KOH below. ca. 250 ml benzene. 

The solution of 14cH2N2 in benzene was then added very slowly to a 

boiling suspension of CuBr in 100 ml benzene. The CHT~ 14c was 

isolated using the Prepmaster glc (CW-20 1~, 12', 3/4 11
, 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 isolated by trapping it from glc on 3', l/4 11
, SE-30 

at 150° and 50 ml/min He flow~ 

4) Decomposition of Ilia to V. Enough of the Diels~Alder 

reaction mixture is injected on gl c (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 dissolv~d 

in benzene and injected into the same glc column, and the formed IV 

(1-3 mg) trapped for weighing and counting. 

5) General procedure in determining specific activities. 

The radi O(!.cti ve compounds are trapped as they emerge from gl c, CHT 

in a glass capillary U-trap at -196°, Ilia and IX in a straight 

glass capillary at room temperature. In all cases, the length of 

the capillary .iS then· reduced to close to the part containing the 

liquid. The capi·llary plus contents are weighed on the micro­

balance and the contentS flushed with counting solution .directly 

into a counting vial. After it is cleaned and dried, the capillary 

is re-weighed, the difference taken as the weight of the sample. 

Tile weight of the capillary is in the order of 50-150 mg, samples 

in the order of 1-5 mg. This procedure was tested on various sub­

stances and it proved to be both accurate and very practka 1. 153 
I 

6) Degradation of CHT- 14c from irradiation #5 (5 KeV) • 

CHT- 14c was isolated in 7 runs on glc (CW-20 M, 10', l/4 11
, 75°, 40 

ml/min). Enough carrier CHT had been added to the irradiation 

sample so that each capillary trap contained ca. 2-3 mg CHT- 14c. 

The contents of the traps were dissolved in ca. 1' ml n-pentane and 
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ca~ 100 mg unlabeled, purified CHT was added. Aliquots of this 

solution were injected on the same glc column and the specific 

activity of the trapped CHT- 14C\>Jas determined. The bulk of CHT- 14c 

was purified on the Prepmaster glc (CW-20 M, 12', 3/4 11
, 300 ml/min, 

80°) and the trapped material added to ca. 500 ~l dimethylacetylene 

_dicarboxylate, followed by general procedures. The total activity 

in the sample was approximately 73 m~C. 

7) Degradation of CHT- 14c from irradiation #16 (5 KeV). 

The same isolation procedure was employed (injector and detector 

being at 150°). However, the CHT- 14c was not-dissolved inn-pentane 

but directly added ;to 500 ~ 1 dimethyl acetylene di carboxyl ate; 100 mg 

unlabeled CHT were also added. The total activity was 118 mpC. 

8) Micro-analysis of IIIa and IX. 

C: 

H: 

Calculated (%) 

for c13H14o4 

66.7 

5.98 

Found (%) 

I II a 

66.74 

5.77 

IX 

66.50 

6.22 
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4. Interpretation 

A comparison with the other partial degradation data (Figure 

32) shows that CHT exhibits probably the largest deviation from 

·the labeling pattern that one would expect from the postulated 

mechanisms (Chapter III, 4a). The question arises as to what 

justifications there are tomaintain the CH 2-insertion mechanism 

in face of this discrepancy. However, there are several points 

which corroborate this hypothesis: i) CHT is known to be very 

prone to isomerize via intramolecular hydrogen shifts (whose 

effect in this case would be the isomerization of the 14c-position 

in the molecule). ii) CHT-d2 , produced from the photolysis of 

CD2N2 in benzene, shows a large departure from specificity (7,7-

d2~CHT). iii) The similarity of the yield-vs-energy curve (Figure 

24) with that of toluene, and its steep fall~off towards lower 

energy--which was interpreted to indicate the formation of the 

precursors CH and CH2. 

TerBorg et AL. 129 d~termined the energy (31.5 Kcal/mole) and 

entropy (log A= 10.9- 11.5) of activation for a transannular 

hydrogen shift (a-tropic rearrangement of order [l ,5]). This. mode 
' ' . 

of isomerization would shift label predominantly i.!lto the part of 

the ring opposite to C-7, i . e. where we, ·indeed, found a 1 arge 
' . 

amount of activity:. 
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Klump et ~. 143 and Egger144 (the latter for a methyl derivative) 

determined energy (51.1 Kcal/mole) and entropy (log A = 13.5) of 

. activation for the rearrangement to the corresponding benzene 

derivatives. 

Berson et al. 145 found another thermal mode of skeleton re-

. arrangement which seems to have an energy of activation between 

the two previous ones. It seems to involve the random opening 

and closing of the cyclopropane ring. in norcaradi.ene (Ia). 

Doering132 and Roth 133 observed that CHT-7-d underwent'l,2-

hydrogen shifts under photolytic conditions. Srinivasan146 ob­

served toluene under the same conditions. 

boering132 ob~erved that the {mild} photolysi~ of co2N2 in 

benzene produced CHT with isomerized 1 abel (1 ,2..,hydrogen shift). 

Lemmon et ~·; 147 however, determined under the same conditions 

that 14cH2N2 produced {besides CHT) toluene-14c with more than 

99.6% label in the methyl carbon. These two data parallel rather 

nicely our partial degradation results from CHT and toluene. 

It is,. of course, not possible to tell from our data exactly 

\lhich mechanism applies in our system. Only when complete degrada­

tion has been achieved and when the label distributi~n has,be~n 

determined also as a function of the be~m energy, can more definite 

conclusions be drawn. 

However, this much can be said now: Since the CH2 molecule 

is likely to have a rather high kinetic energy, and since the ben~· 

zene molecule is at a very low temperature (a situation similar to 

the .photolysis .. of CH 2N2. in. benzene) the mode of i someri zati on wi 11 

.• 

.• 
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be determined by the initial-bond formation mechanism. ·The initial 

collision complex will be far from thermal equilibrium of its 

degrees of freedom (an assumption which is much· more correct for· 

the above thermal isomerization mechanisms). Most of the internal 

energy is stored in the initial bond and wi 11 migrate into other 

degrees of freedom according to the dynamics of the i ni ti a 1 co 11 i­

sion complex--until (tandom) collisions with other target molecules· 

not only remove kinetic and internal energy from this complex 

("stabilization") but also introduce energy, via this secondary 

collision mechani sin, into other degrees of freedom of the product 

molecule. Depending on the total incorporated initial energy 

and on the efficiency of energy diffusion, the number of collisions 

to sufficiently deactivate the complex may be large (larger than 

one)as usually assumed in thermal excitation). Therefore, at 

later stages of the deactivation collision sequence, modes of 

isomerization may be operative which are also observed in thermal 

systems. An indication for the rather high energy involved in 

the production of CHT can be seen in the appearance of a sizable 

ring labeling of toluene, 14%, compared with 0.4% in photolysis. 147 

This isomerization is discussed in more detail in T. H. Lin's Ph.D. 

Thesis, University of California, Berkeley, 1969, '~md by Pohlit 
; 

et a1.18 

Other possible mechanisms are, for instance: Insertion of a 

CH molecule into the benzene ring, followed by a hydrogen abstraction 

by the CHT radical. Thi~ radical should, indeed, isomerize the 
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1 abe 1 ve·ry quickly. A CH precursor is compati b 1 e with the observed 

yield-energy curve, but' it i~ not indicated by the analysis in 

Appendix B (see Chapter III, 4a). 

Formation of CHT from a tropyliurn ion is--at least as the 

only mechanism~-excluded because this mechanism should randomize 

the label completely, i.e. the label distribution should 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· 

. 12 104 carbon part1cles: ' 

Species Source Eriergy Primary electronic 
state 

Any isotope ' Accelerator 1::1 eV to c+ 

:trvtev· 
.. 

14c 14N (n,p)l4c 45 KeV 14 -c 

11 c 14N (p ,aJllc >1 MeV llc-

12c 11 
(y ,n) C >500 KeV llc 

12c (n, 2n) 11c 1.1 MeV uc 

12 
uc C neutron %100 M(N stripping 

12c (p,pn)llc 11,... I 

>1 MeV <,... 
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APPENDIX B 

Derivation of Collision Functions and Yield-Energy Curves 
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Introduction 

This appendix contains the derivation of yieldversus beam energy 

curves for products from hot-atom chemical 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-

volving possibly several steps (~. multiple pick-up of hydrogens by 

fast carbon atoms). 

The general procedure for the calculations is as follows: 

1) The collision function, K
0

(E), is derived for carbon atoms, 

assuming isotropic, elastic scattering at atoms of equal mass. 

2) The probability per collision to form the first step product, 

r1 (E), is assumed to be small compared to K
0

(E) so that the above 

collision function, K , is essentially unperturbed .. ·. The probability 
0 

per carbon atom of generating a first step product at energy E is, 

therefore, r 
1 

(E) • K
0 

(E) . 

3) The collision function K1 (E) for the first step product is 

calculated with r1 (E) • K
0

(E) being the fonnation density at energy E . 

4) Step 2) is repeated for r 2(E) and K1(E), etc. 

5) Final n-step product yield is obtained from 

minC11J,En1) 

Yn = . J Kn-l (e:) ·rn(e:)de: for ,EB"~En0 ,. 
Eno 

and Yn = 0 for EB<Eno .·· 
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Glossary of Symbols 

Kinetic energy 

Kinetic.energy of the beam 

( v = 1, 2, ... ) : lqwer and upper energy limit for the 

vth reaction step 

Reactivity probability per collision of a (v-1) step 

product to undergo the vth reaction step 

Collis,ion probability at. energy E for a vth step 

product particle 

Yield per original fast particle 

Integration variables 

Probability that a particle which has the energy E1 

before a collision has the energy E2 afterwards. 

·~. 
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Assumptions 

. The collision funct·ion K
0 

is defined, according to the Kinetic 

'Theory, 11 by 

¥B 
K

0
(E) = k(E,EB) + J K0(E) [k(E,E) - r(E)] dE .. 

·E 

All other collision functions are.calculated analogously. 

Assume: 

1) 

2) r(E) «~ 

1 
. - El 

' 
(elastic, isotropic, equal-mass scattering) 

3) Loss of kinetic energy in a reactive collision :t 0. 



. -174-

Derivation of Collision Functions 

Derivation of K : . 0 

In accordance with the above assumptions one obtains K from . . 0 

1 
= -·- + 

EB 

E 

rB . 1 
v Ko (E) E dE .· 

E 

(1) 

Differentiation of. (1) yields 

dKO K ·o 
= (2) 

dE E 

which is solved by. 

c 
K 0 ., 

0 
E 

(3) 

with C
0 

a constant which is determined by (1) . Inserting (3) into (1) yields 

co = 1 

Thus, 

Ko 
1 for E~ EB (4) = E . 

·Derivation of K1 : • · 

K' 
1 

E10 and E ~ E10 : 

~infEn ,EB) 
= .,( - K (E) 

'·· E: 0 
E 

·c s):Y: 
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Differentiation of (5) yields 

d.K' 1 ·--· 
dE 

(6) is solved by 

K I = 
1 

where 

1 . K1' 
= - E K0 (E)· r(E) - E 

c1 (EJ. 

' E 

E 

= - J K
0

(£} ~r1 (i) ·d£: + n1 

(6) 

(7) 

(8) 

The constant D1 is obtained by satisfying (5) with (7} and (8): 
E . 

J min(E11 '·~) 
- . K0 ( €) · r l (E) de. + D1 f 

. = . . [~ · K (f) · r
1 
(f) d 

E ~ f. o 
E 

& 

-fKo(9).rl (f})dl) + Dl} 
+ . dE 

E . . . 

(9) 

It is readily realized that the square bracket on the right side o£(9) is 

the full differential of 

c; 
r' 

-~) K
0

(1')) • r 1 (IJ)d~ + n1 , so that 
[ 

the integration can be carried out immediately. One obta1ns 

E E 

-JK
0
(f)·r1(f)d& + D1 · .fK0 C?) ·r1 (r,)d~ + n1 

= 
E 

£=E 

E 

-.) K0 (0Jr1 cr,Jd~ + n1 

r 
( 

(10) 

;:.=min 
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s=min(E11 ,l13) 

..:176-

·~ -

D1 = l) K
0

(n) ·r1 (n) dn 

Inserting (11) into (8) yields 

s=E s;min(Ell'EB) 
r r-

c1cE) = -(JK
0

(n) r 1 (n) dn + )K0(n) r 1 (n) dn 

Thus 

min(E11 ,~) j K
0

(E) ·r1 (c) do 

E 

Solution for K fo~ E ~ E10 : 

· min(E11 ,l13) min(E11 ,EB) 

f l rl " 
K1 " (E) = , £ K

0 
( s) · r 1 ( s) ds + j £ · K1 ( s) ds 

ElO E 

Treating (14) as (5) leads to the solution 

Kl I I (E) = 
c -
1 -

E_ 

(11) 

(12} 

(13) 

(14) 

(15) 

where c1 is now a constant which is determined, again, by inserting 

·· (lSf into (14). One obtains 

• 
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min (E11 ; ~) min (E11 , ~) 

cl J' j' c . = K (£) ·r
1

(£)d£ + .!.. 2. d£ 
E ' o , £ £ 

·ElO E 

after solving the second integral on the right 

,min (Ell , EB) 

c1 = min (E11 , EB) · .J ~ K
0 

( £) · r 1 ( £) d£ 

ElO 

Inserting {17) into (15) : 

and , 

min(E11 ,43) 

J !. · K (£) r (E)d£ E10 £ o 1 
·ForE s E10 : K1.' '(E) = 

Derivation of K2(E): 

K' 2 

min(E21 ,Ell,EB) 

= .. ) ~ K1 ( £) • r 2 ( £) d£ + 

E 

E 

n,tin(E21 ;E11 ,~) 
( !. K2 {£) d£ tl £ i 

E 

(16) 

(17) 

(18) 

(19) 

(19) has the same fonn as (5) and its solution is, corresponding with (13): 

~in(E11 ,E21 ,EB) 

j K1 ( £) · r 2 ( £) d£ 
E 

K2' (E) = 
E 

(20) 

.cr 
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Here, K1 Cd stands for K1 ' or K1", depending on E. 

If E < E20 : 

Kz"(E} 

~in(E21 ,Ell,EB) 

= .J } · K1( E:) !:2( E:) dE: + 

E20 

(21) has, again, the same fo.nn as (14) and its solution 

min(Ell,E21 ,EB) 

min(E
11

,E
21

,EB) · s} · K1 (E:) ·r2(E) 

. K2n (E) 
· Ezo 

-
E 

Derivation ofK (E), v > 2: 
\) 

(21) 

is, as (18)' 

dE: 

(22) 

Kv can be derived from Kv-l in an analogous way as K2 from K1 .. 

Since there is only one product, toluene, besides methane, for which 

the knowledge of K3 is necessary in order to determine the yield-energy 

curves and since in this case special simplifications can be 1nade, K3 

is not evaluated in general. 

Derivation of K
1 

for any first step products and intermediates (CH <lr c2): 

Assuming n > o, and r1 = canst., 

inserting K
0 

= fr into (13) and (18) 
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yields: . (23) 

and 1 r1 min(E11 ,EB) 
K II (E) ( -----1 = E · n+l En+l 

10 

1 
n ) (24) · 

min (E11 ,EB) 

for 0 $ E $ E10 . 

Derivation of K2 for CH2: 

It is assumed that the lower and upper energy limits for the pick-up 

of hydrogen by rn are the same as those in -the pick-up of the first 

hydrogen: Era = E20 

r r
1 

(E) = r 2(E) -

From (20) one obtains for E10 < E < E11 : 

K I 2 . 

K' . 2 
1 2 1 . 1 1 2 

= r ·-(---) E. 1 n ...n 
2n'"' E . _cB 

(25) 

(26) 
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From (22) one obtains Kz" , for E ::; E10 : 

K21" (E) = 

Derivation of K3 

~ 2 
r· r 

1 

E2n+1 
~10 

for CH3 : 

EB. 

.s ~. 
E 

1 
~n+1 

It is assumed again that 

ElO = E2o = E30 .) 

En = E21 = E31 

rl r2 = r3. = 

1 -. 
E 

r 
En 

Analogous to (19), K3 is defined by 

E 

1 -. 
n 

1 

1 1 1 (---)-dE n En n E B E 

1 1 1 
n+1 [En+l - En+l ] ) 

10 B 

Kl 
3 

= J'B .!_ • 
' E 
E 

EB . 

K2 ' (E) · r( E) dE + J K3 
1 (E) } dE 

E 

(28) has the same form as (5), and its solution is 

E -
('B 
J K 1 

• r(E) dE 
E : 2 

E 

(27) 

(28) 

(29) 
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3 
113 2 r 1 f 1 \C 1n-~l ds (29) = E ~ 2n E: .. E E: E: 

<y 3 1 1 . 1 3 

K3 
I r (30) = r· -::---!(---) 

6n ~ ~ 
I 

Derivation of K2 for c2H: 

a) CH ,+ c2H. 

Asswne: ElO < Ezo ' E11 > E21 

1 
r = 2 ·Ifl 

r2, 2nd step (CH ~ CzH) 

/ /' 
~ rl' 1st step (C-+ CH) 

'•r-1 
> 

·r-1 
+-I 
u 
cO 
Q) 
H 

.. 

... 
ElO Ezo E21 Eu 
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min(E21 ,EB) 

= s Kl Ce:) . ~ • r 2 ( e:) 

E 

. min(E21 ,~) 

f . ' 1 
de: + ' K2 I C e:) • "E de:' 

E 

for E20 ~ E < ~ • 

The solution of {31) is (20); with K1 = K
1

1 from (23) 

K I 
2 

J<l 
2 

1 
= E .. 

= --·. 
n 

·[ .· 

) 1 d ·. • -· e: 
m 

e: 

1 1 ·1 · 1 n+m 
E · ( n+m [ · n+m - ( min(E En) ) 

E 21' b 

) 

(31) 

(32) 

In this case, where E20 is presumably rather large, it may be important 

to compute K2". According to (22) it is 

min(E21 ,EB) 

. T ~ . K1 ( e:). r 2 de: 

E2o 

1 Inserting for K1 K1
1 

, since E10 < E20 , and for r 
2

, as above, £11 

(33) 

K2' 1 (E) = 
r1 · r2 1 
--- ( n+m+1 

n 

1 1 n+m+1 
( . ) ] 

min(E21 ,EB) 

1 · 1 n 1 1 m+1 
- m ( min(E

11 
,EB) ) . [ Jfl+ 1 - ( m1n(E

21 
,EB) ) l ) ' (34) 

for E ::. E20 . 

I 
I . 



Assume: 

-183-

2nd step, C .J. -+ C~ H 

--

c-c 2 

-

For this case,(19) is: 

and (20) : 

('~nin(Ell ,EB) . min(E11 ,EB) 

K2 
1 = ,) } K1 ( E:) • r 2 (E) dE: + J} K2 (E:) dE: 

E . E 

min (E11 , EB) 

Kz 1 = j'K1(E:)·r~(E:)dE: · 

E 

With r 2· as above, and K = K 1 from (13) with r 1 1 1 ·. 
1 

K I 
1 

K I 
2 

~in(E11 ,~) . 
rl ( 1 1 1 rl 1 

= 'E.} E" • i•dE: = E ill C If1 -
E 

~in(E11 ,EB) 
1 

1 m 
( min(E ·-r-). )) ) 

11' B 

1 

E·m 

I 1 1 
)-(-·- .m' 

" t: _m nun (E11 ,EB) 
E' t: 

) . -dE: 
n 

€ 

(35) 

(36) 
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= (37) 

1 1 . - . 
n 

K' 2 

.E1o 

= !_ [ JK" E . I 1 

min(En ,EB) 

· r 2 ( E:) dE: + J K{ · r 2 ( E:) dE: (38) 

E ElO 

The second integral in (38) is K2 ' as in (37), and the first integral, 

with (18) and (24) 

Therefore, 

f(t 
2 

1 ) dE: 

1 1 1 . 
. m+ 1 (E E ) ) . ( -En - -E-. -n ) 

mln n' B . 10 
(39) 

1 . [-~ 
E m+l 

10 

1 1 •' 1 
---m+.,...,.l-."" --- ][ -..,n - :-n ) 
min· (En ,EB) b E10 

+ 1 1 1 
m(m+n) [ If+m - ---m-in_n_+_m_(E_l_l_'_E-B)-

1 
- m 

n·m·min (En ,En) 
L (40) 

. .. 
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~... .. 
Derivation of Yield-Energy Curves 

The yield of a compound is, in accordance with the thus far applied 

concepts, in simplified form: 

Y(l13) 
(41) 

where K(~::) and r(~::) as_previously defined, and E
0 

and E1 the lower 

) 

. . 

(''activation" energy) and upper energy limit for finite reactivity. EB 

is the k:lnetic energy of the beam particles and K(E) refers to the irnme-. . 

diate precursor for the bi-molecular reaction product tmder consideration. 

Since K ·depends,, in general, on ~, y is also dependent .on EB· even if 

EB > E1 , i.e. even if the inftial beam particle energy is larger than 

the upper energy limit for reaction. This is true also for the case of 1-step 

products since the collision function of the primary particles· does depend 

on the initial energy if the latter is not sufficiently large. However, 

in the foregoing it was asstimed that K
0 

does. not depend on EB and any 

observable change in K(E) (and therefore y, when EB > E1) indicates 
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precursor formation at higher energy than E1. It is the range of energy 

above ca. 10 eV, where such precursors can be formed, that these 

calculations apply to. This is also the energy range where justification 

exists for many of the above assumptions . 

. ~A) CH2 + 0H-=>- fo1uene, . cycloheptatriene: 

CH2 is considered a 2-step product, T and CHT 3-step products. 

Assume: 

however, E31 may be different for T and CHT. 

By definition: 

Inserting for K2' (26) and r 3 (above): 

y = 

2. 

2 r ·r 3. 

r r3 1 1 1 
= -z- ( 2n+m · [ E 2n+m . 2n+m 2n . · ~10 mm 

+ 1:. _1_ [ .1-__ - _1_ ] 
mE Zn E m . m 

B "10 . min 

2 
n EB (m+n) 

1 
- ,. m+ri 
~10 

1 ' 
.. m+n ] ) 

min 
(42) 



-187-

The . yield ·for EB ~ E11 is 

(43) 

and the relative yield R 

R = ~ for EB < E11 Yoo 
. (44) 

I 
R = 1 for ·Es > Eu 

.Analy_~is of the Yield-Energy Curve for T, CI-IT: 

. I~ the energy is measured in tmi ts of E10 , the tenn which. detennines 

the shape of the energy dependence is 

2n+m 
= 1 [1 C. 1 ) x 2n+m · . · - min(xB ,x

31
) 

2 . 1 m+n 
[1-(.( )) ] m1n xB,x31 

with 
EB 

XB = 
ElO 

,, 

E31 
x31 = 

ElO 

'• 

Position of Extrema: 

A)If x31 = 1 + o , o small > and 

I. 
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X = 1 1 2n+m 
-- [ 1- ( 1+~ ) 2n+m u 

m+n 
2 [F C i:o ) ] 

(m+n)x~ 

dx 2n . 1 m 1 2n . 1 m+n 1 = -· [I:( I+o ) ] +- [1-( --) ]·n+r 
CIXB m 2n+l m+n l+o 

XB XB 

dx 
( ·. n -1 

0 at xB -+ oo . and n m+n [ 1- l+o) ] axp; - XB = - -m··· · m+n 
(1 +o) -1 

For 0 -+ 0, X~-+ 1; i.e. the yield energy curve isS-shaped and its flat. 

parts are near E31 and at large EB. 

B) 

X = 1 1. . . 2n +m 1 1 1 m 
·2n+m [ 1- C - ) · ] + · · [ 1- C - ) ] 

XB m .. ""Tn xB . . XB 

2 1 m+n 

n 
xB(m+n) 

[1- (-) ] 
XB 

+ 2n 
m+n 

( 2n _ 2n ) 
m m+n 

1 n+1 
(-) 

XB 

1 2n+m+1 2n 1 2n+1 
Cx-) --(-) 

B. m xB 

· This differential quotient is zero at xB -+ oo.. and· if 

dx . x2n+m+ 1 = ( 2n _ 2n ) _ ( 2n _ 2n . xn ) 
·(L,B B m m+n . m m+n·. B 
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This last equation can be solved for ar~itrary n,m > 0 only if xB = 1. 

It can also easily be shown that the right side increases monotonously 

· with xB, if xB > 1. Therefo!_'e, xB = 1 is the only horizontal part in 

the S-curve, besides that at large EB· 

Position of Inflection Points: 

A) If x31 = 1 + 0 ' o small, and XB > x31 

2 2n(2n+ 1) 1 
m 1 2n(n+l) 1 m+n d X [ 1- ] [ = C l+o ) l- Cl+o) 

'dx2 m 2n+2 m+n 
B XB 

This second differential quotient is zero for xB -+ co , and when 

2 
0 

_ d x 2n+2 
- --:--2" • XB = 

dxB 

2n(2n+l 
m 

n i.e., at xB -
(2n+ 1} (m+n) 

(n+l) · m 

2n(n+l) 
m+n 

Comparing this with a' similar one (above) for ~ indicates that xB is 
B 

never significantly larger than 1. 

B) A similar result is obtained when the restriction: o small and 

E13 > E31 , are dropped. 

1 ] . 
n+2 • 

XB 

) 
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Analysis with the Assumptions: 

1 1 m 
Herem [ 1-(1+0) ] can be considered a constant, and only Z 

need to be considered. Equation (44) is now: 

(1-

R 

(1-

1 2 
-) n 
XB 

1 2· 
-) n 
xll 

The "half-point" is attained at xB = x112 i.e. when 

_1) 
2 

(F n 

0. 50 ::: 
xl/2 

or 2 ' 
(1- __!_) 

n 
xu 

1 
xll . . 

!){. 0.294 · x~1 + 0.706 
• 

i 2 = [ 1- ·-·· ] 
.n 

XB 

(46) 

x112 as a function of x11 , for various values of n, is plotted in 

Figure __ -~_,:-,_· _ 

.•. 

. . 
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25 I 
I 

n 

CH3 CH2 CH 
--- ------

I 
I 1/8 

20 I 
I 

I 1/4 1/8 

I 
I / 

I 
/ 

15 . I 
I I 

I I 1/2 1/4 

N I; } 
....... 

>< 

1; 
10 -I 

1/2 1/8 

5 1/4 - _ ... l 
; ---..:=:.:::.....- j. ,.,"" ~::...::-

.:.-- :;--:.. 

--
----:...:==----- } 3/2 1/2 

} 3/2 '1 

0 3/2 

0 

XBL 695-4245 

Figure 33. Values (xl/z} of the bea111 energy at which tne yield of 
products from the precursors 01, rnz, and GI3 is.l/2·of the ~igh 
eaergy value-versus upper energy botmdaries of-reaction xn (aU 
energy values i:: u1i ts of the lm\Ter energy botmdary EQl) . · The para­
metern is the e:x-ponent in the reactivity clirve·r = 1/En. 
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B) CH · + 0H ~ toluene + H· 
~- 3 ··-___;___; _ __:. ___ _ 

CH3· is considered a 3~step product. 

y = 

y = 

3 

3 r ·r 4 
3 6n 

1 . -de: m 
£ 

r r4 1 1 
= -

6
n3 ( 3n+m [ E3n+m 

10 

· 
1 

3n+m 
( . ) ] 

3 1 
- 2n+m · ~ 

+ _3_ 1 
n+m E2n 

B 

1 
- E3n 

"B 

min(43 ,E41) 

1 
[ Ezn+m 

10 

. 1 2n+m 

1 1 n+m ] 
[-- ( . . ) 
~+m. minCl13 ,E41) 

·~· 
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Analysis: 

With .the following abbreviations: 

ElO = E40 -+ 1 

~ 
ElO. 

= XB 

Ell 

ElO 
= xll 

E41 

EiO = x41 

the term which determines the shape of the yield-energy curve is: 

1 1 3n+m 
X = 3n+m [ 1- c . c- J) m1n xB,x41 

3 1 ( . 1 ) 
2n+m 

- Zn+m . - [ 1-n min(xB,x41) 
XB 

3 1 ( 1 . ) 
n+m 

+-· 2n [ 1-n+m 
XB 

min(xB,E41) 

1 1 ( . . 1 ) 
m 

-' -rn· [ 1- ] m m1n(xB,x41J . 
XB 

dx 3n 1 1 . Zn+m 
ax;= + Zn+m: x~+l · [ 1- (x

41
) ] 

· 6n 
n+m 

1 1 n+m 
2nH · · [ 1- Cx

41
) ] 

XB 

] 

] 



3n 1 
+ -"'-- · -3=-n-+""'"1 m x . 

B 

-~ = 0 if xB-+ co, and when 
B 
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dx 3n 1 
dX:" . XB­
.B 

Zn+m 
= 2~~m . x~n [ 1- (xl ) '') 

- 41 

6n --· n+m 

· 3n +-. m 

m 
[ 1- (___!___) J -

x41 
0 . 

This is a quadratic equation for x~ which has the two solutions: 

1 n+m 
2 [ 1- (-) ] 

x41 
------~--·----- + n+m 

1 
n+m 2 

4[ 1-(-) ] 
x41 

(n+m) 2 
4 1 2n+m _ _ 1 m 

m(2n+m) [ 1- Cx
41

). ] · [l- (x
41

) ] 

With the approximation 

2 
Zn+m · 

1 2n+Iil 
[ 1- (-.) ] 

x41 

1 - (1-ko) = ko , 

where o is the assumed small quantity· 

o = x41 ,.. 1 , 

the only physically relevant solution is 

X~ = 1. 

1. ' 

' '~ 

' 
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Again, the yield energy curve is S-shaped with its horizontal at xB = 1 

~.· 

Analysis for m » 3n: 

The term for consideration, now, is: 

3 3 1 1 
3 

X = 1 - -+-- ""Tn = (1 --) n 2n n 
XB XB XB XB 

1 3 
(1 - n:) ... 

R 
XB 

= ! " 1 (1 - -) n 

( 4 7) 

xll 

The "half-point" is at R = 0.50, i.e .. , when 

!!.; n r 0.206 xll + 0.794 (48) 
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Single Pick-up . 

For single pick-,up precursor reactions the relative yield-

energy curve is 
1 

1 -
n 

R 
XB 

= 1 
(49) 

1 -
xll 

n 

and the "half-point" value, ' 

= (50) 
n . n 

0. 5 (1 + xll ) 

.·· 
In Figure 33 the "half-points" of R fo:r single [(SO), ! e.g. CH], 

double [(46), e.g. cH2], and triple [(48), ~· CH3] pick-up reactions' 

(as precursors to the final, stable products, 0-IT and T) are plotted 

versus the maximum energy, E11 , at which pick-up can occur (measured 

in units of the activation energy E10j. If one assumes that E10 -;:-, 1 -

,-. 2_eV, then xllt::: 25-50, since E
11 

could be as high as 50 eV (Appen­

dix C) . From the, experim~ntal yield versus energy curves (see 

Figures 24 and 25), the upper limits appear to be ca. 100 eV and the 

"half-points" :at about 30 eV, i.e. xll ~· 50 - 100 and x112 ~ 15 - 30. 

Such large values for x
112

, are_ obtained for.CH3 as precursors only 

if n is equal or smaller than 1/8. n has to be smaller yet, if the 

precursor is assumed to be CH2, and even sinaller for CH~ A small n, 

however, indicates that r is not very energy-dependent, or, that the 

pick,up re;:tction cross section varies with the energy as the cross 

.. 
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section for elastic scattering. From Figure 18 (Chapter III, 1), 
I I 

one gets a notion of how the elastic scattering cross section varies· 

with energy. A cautious extrapolation of the curve into the range 

between 10 and 50 eV suggests that 
I I I 

, I 

The pick-up cross section will therefore have about the same energy 

dependence. This type dependence, however, is easy to accept (and 

widely ascertained): The cross section is inversely proportional to 

the velocity, or, proportional to the "duration of copision". This 

relation is found'generally in resonance phenomena. 
' 

This is probably all that can be obtained quantitatively from 

the experimental and theoretical analysis. 

Qualitatively, one would like to be able to ·determine, for in-
' 

stanc~, whether toluene and cycloheptatriene are products of the 

same precursors (a quantitative comparison of the_ experimental yield­

energy curve and the R ~ curves is probably out of the question 

because of the many over-simplifications with regard to K
0

, etc.). 
I 

In order to investigate the qualitative problem, the ratios of "half-

point" values of the different pick.,.up sequences.are plotted in 

Figure 34. From the preceding discussion, we know that n has to be 
I 

very small. Unfortunately, the experimental value for the "half-

point" ratio T/OIT is very inaccurate. It may be anywhere between 1 

and L 5. From Figure 34 the only small n-value curve which yields 

sinlilar ratios, is that for x112 ccH3) 1 x112 co-r2) . This would 
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x112 (CH3) I .x112 (CH2) ·n 

-- i 112 (cH2) I x112 (CH) . 
/ 
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/ 
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/ / 
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/ ./ 

/" ./ 
1/2 ./ / / ./ 

/.,.. ./ / 
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h / . 
/' / 

= / 
b / .~ ...... 
1- 1.8 
c::( 
0:: 

1/8 
N 1/4 
........ 
r-

-~ >< 
1/2 = 

-.---- 3/2 

3/2 

0 
0 50 100· 

XBL 695-4246 

Figure 34. ·.Ratios of x
112 

values for. products from CH~ CH
2
,. and 01

3 

(COffilJci.re Figure 33} · versus the upper energy boundary of reaction x
11

. · 

'-' 

.. 
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· indicate that some of T is fonned from rn3 rather than rn2. In 

any event, the deviation from the assumption that the precursors 

of toluene and cycloheptatriene are 012 tends to favor 013 ·as 
I 

possible additional precursor forT, rather than.01 for cyclohep-

ta,triene. However, these conclusions are extremely tentative, and 

·have to await more accurate data-taking. The preceding was pre--
1 i 

sehted, indeed, to demonstrate the opportunities and limitations 
' I 

of this experimental and theoretical method rather than to advance 

definite results. 

C) c2Hx + ¢H-+ phenylacetylene 

TI1e preceding derivations of R-curves for single-step pick-up 
' I . . 

reactions etc. , can be used again for the analysis of the e:xperi-
' . 

ment3:l yield-energy curve for phenylacetylene. The curve seems to 

decrease more steeply than CHT or T, indicating that phenylacety­

le1ne might be the product of more-than-1.-step precursors. However, 
i . . . 

a :comparison between the yield-energy curves of rnr and T, and that 

of phenylacetylene is probably not admissable because of the. 

almost certainlydifferent dynamics involved in the formation of 
. ' 
' 

th~ respective precursors (see Appendix C) . 

D) Other Products 

If the collision ftmction does not change over a reactive range, 

when EB is varied, i.e. if the yields of certain compotmds, such as 

benzene, biphe~yl, diphenylmethane, and phenylcycloheptatriene, are 

independent of EB, for EB ~ E
0

, the only conclusion is that the 
i: . I 

I 
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maximum energy for which the particular reaction proceeds 1s well 

below E . This does not exclude the possibility of formation of 
0 

"precursors" which may react in a bimolecular reaction again. 

However, such precursors must have extremely low kinetic energies 

(< E0). · For the above compounds, ·:a
0 

·seems to be < 3 eV. 
f ~ •. 

This appendix cannot' of sourse' explain the increase in yield 

of, "U-2" as the energy decreases (see· Chapter II, 9). Kinetic 

theory always predicts decre'asing or constant yields. ·Ther~fore, 

the yield behavior of "U-2" must be explained in connection with 

the problem of the origin of the oxygen. 

Discussion of t}le Calculations ahd Results 

The concepts of collision theory in general and the formulation 

of the product yield according to equation (41) are probably ade-

quate for the hot-atom chemistry under investigation in this thesis. 

In contrast to classical experiments in collision theory, the 

energy range for binary and reactive collisions is much larger 

here (3-100 eV), and many factors w4ich can be neglected there, or 

are only a small perturbation, become of primary importance here. 

One such fqctor is the collision function K: The method of varying 

only the maximum energy, (EB), which reactants can att~in, makes 

the interpretation of the experimental data very questionable· 

because it is most certainly for energies close to EB where K 
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deviates very much from the asymptotic solution, 11 L e. where the 
I 

dependence o£ K on EB is strongest. In other words, the experi-

mental data are being interpreted in terms of quantities which are 

most Unpredictable exactly there where they are most decisive. In 

order to keep the calculations tractable, we had to assume that K 

was not a function of EB, except that K = 0 for E > EB. From the 

above it is clear that the quantitative and qualitative analysis 

of experimental data depends crucially on the extent to which this 

asstnnption is correct, ~· if K(E) is much smaller than 1/E for 

E ~~ ~ 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 

when a certain hypothetical dependence on EB 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) 

All bimolecular reactions considered. in this text can be repre-

sep.ted by the following scheme:· 
f.· 

::::: (::) + ( :1)~2\) + ( ::) ·(Q) 
t i t I 

fast target product 
molecule molecule molecule fragment 

\. . ) ~ . ,------/ y y 
before after 

Collision 

q intenal energy cf the (fast) product molecule 

(i) 

Q heat of reaction (see Appendix D), only ground state- ground 

state reactions considered 

Energy conservation: (2)' 

(3) . 

With this formulation we are considering only the two cases: 

"Both products are scattered forward," and "one product forward,. the 

other backward." However, it can easily be shown that in these two 

cases the quantity q + Q is maximum or rniiliiilUll,l. 

From the tWo conservation equations .one obtains: 

.. 
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. q + Q, 
.· ... : I -. 1 

£1 

The following values pertain to the reactions to be considered: 

. k ' f b 14 P1c -up o H y C: 

(4) 

78 77 ml _ 
~ = IT~ , M2 = 7S M1 , M

2 
- 0.180 , Q :t 1 eV 

Pick-up of 12CHx by 14c: 

ml -
M-- _0.180 ' 

2 
Q :t 4 eV 

Re-entry products (benzene): 

Q = 0 

Insertion reactions: Since .here the product molecule takes up 

all of the energy and momentum, the ratio between, initial ,energy ! 1 

and internal energy q + Q is fixed: 

Carbon into benzene: 

=' 1 

CH2 into benzene: 
i 

ml 
= : 0. 848 

m2 
Q = -4 eV 



-204-

= 0.83 , Q = -3 eV 

c2 into benzene: · 

= 0.75, Q ~ -4 eV 

Discussion 

Pick-up reactions 

In Figure 35 the relationship. between (q t o)je.1 (the internal 

energy plus heat,of reaction, relative to the kinetic energy of 

the fast particle) and e:z!e:1 (the kinetic energy of the fast product· 

molecule ~ith respect to the initial kinetic energy) is plotted for 

'the different pick-up reactions. 

The interpretation of these plots is as follows: Any point on 

this two-dimensional plot represents a bimolecular collision, the 

abscissa determines the kinetic energy of one of the products (e.g. 

CH), the corresponding ordinate determines the internal energy of 

the s~e p.roduct, the vertical distance to the diagonal· determines 

the kinetic energy of the other product molecule (~. c6H5) ~ all 

energies interms of the kinetic energy of the reactant atom(~. 

C). If Q = 0, and if q is assumed always positive or zero, energy 

conservation requires all collision points to lie within the 

·triangle (1, 0, 1). . If Q f 0, the triangle shifts by an amount 

Q/ e:1 parallel to the ordinate. Now, momentum conservation requires . · 

also the collision points to lie within the closed curves of this 

.. 
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c H - 14c - Re-entry 6 6 

~Hz l Insertion 
CzHx J 

e:2 

e:l 

I 
i 

C
2 

} Pick-up 

CH,CH2 

."' 
' 

+-- CH } := ~~2 . Pick-up 

XBL 695-4244 

Figure 35. ' Internal versus kinetic energy of products from various 

bin~lecular pick-up reactions. 

I I 
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plot. The upper and lqwer boundary represent the two extreme 

' cases described previously. Only quantum mechanical 'calculations 

can determine the probability with which a particular point with­

in these boundaries is realized. ·as a real co"llision .... 

The upper boundaries of the. curves GI; rn2 are,,. over a wide 

range, almost identical with the diagonal, i.e. the product 

molecule (C6H5·) from which· the hydrogen molecule is stripped does 

not have any kinetic energy. TP,is area describes the case of the 

"spectator stripping" mechanism, 43 ' 148 a dqminant med1ari.ism in 

marty· high .energy reactions. One realizes that spectat9r stripping 
,, . 

can occur over a considerable range in which the o~dinate values 
.. 

are small, i.e. where the rn, or rn2,, ,molecule hcis little internal 

energy {i.e. is relatively stable)·· ?ut 'its kinetic energy is 

large. If we set anupperlimit for{<l + Qj't. 1 (e.g. 0:05), then 

one' realizes that the minimum kinetic energy of ·the product of 

the GI is still very high (>0.45). However, one cannot, of course, 

predict how frequently such a process oecurs. Assuming for the 

pick-up of hydrogen ideal spectator stripping, i.e. where 

one finds from equation (4) that 

.. 
Ez ml 14 q + Q 1 = = and· = IS" El mz IS , 

El 
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TI1at is, if one assumes as upper limit for q ca. 3 eV, one. finds 

e: 1 = 45 eV and e: 2 = 42 eV, i.e. the pick-up reaction may occur for 

a carbon atom with 45 eV and produce a CH molecule with 42 eV 

kinetic and 3 eV internal energy. 
i 

The similarity of the curve fpr c2 (pick-up of carbon) with 
' : 

that of CH and a~2 makes it plausible ·that a stripping mechanism 
1 , I. 

contr~butes to the fc>nnation of c2 - fragments as well (whether 
I 

there are also hydrogens attached to this fragment is of no conse-
1 

quence in this approach except that it may determine Q (see Appendix 

D) and thus determine the exact position of the diagonal, i.e~ the 

upper boundary of the area) . In any event, all c2 fragments may 

retain 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 
. 12 plotted a hypothetical "billard-ball" type replacement of a C 

14 . 14 
by a C atom. The curve "C6H6- C-reentry", running closely to 

the ordinate, corresponds to the above curves for pick-up reactions. 

For the product c14c-benzene) to be able to survive successive 

colli~ions, its kinetic e:zle:1 IIDlSt be below a certain maximum. 

This liinits the· manifold of collision points to a rather small 

area near the zeT9 point of this graph, the upper boundary being 

the steeply increasing "re-entry" curve. 

Insertion Reactions 
I 

If there is only one product molecule formed in a collision 
~ u 

("complex';), the number of degrees of freedom (in this theoretical 
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. 'i approach) is dec;reased by one and the curve corresponding to.· ar-' 

etc., fo:rmation degenerates to a point. These must' necessarily 

lie on the diagonal. ·(See points labeled ''c-', d-f2< -c2Hx-

~nsertion"). 

··Figure 36 is perhaps· a better representation for these cases. _, 

One r~alizes that the internal energy of ~he complex is always ca. 

80% of the kinetic energy of the inserting particle. :That is, 
- .. 

the inserting particle must ·be sufficiently slow so that the 

complex has a chance to survive. ·Insertion reactions will, there-

fore, occur. only at .low energies ( <4 eV) . -

- .. 

<..' 
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Figure 36. Internal versus kinetic energy in insertion reactions. 
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APPENDIX D 

Enthalpy of Reaction Values for Several Reactions Considered in 

this Text: 

The first mentioned compound to the l~ft of the arrow is always 

·th~ carrier of the 14c moiety and can in general be considered h~t; 

the second, always benzene, is the "target" molecule. To the right 

of the arrow, only the first mentioned products are of interest; 

only these contain the 14c atoms. 

Reactions leading to CHx 

c + ¢H -+ CH + ¢ 

CH + ¢H -+ CH2 + ¢ 

CH2 + ¢H -+ CH3 + ¢ 

rn3 + ¢H -+ CH4 + ¢ 

Reactio"ns leading to c2H . X 

c + ¢H -+.· c2 + CSH6 

c + ¢H -+ C H 2 + csHs 

c + ¢H -+ CzB2 + CSH4 

CH + ¢H -+ CzH + CSH6 

CH + ¢H '-+ CzH2 + .csHs 

6Ho
0

, (Kcal · rnole-1) 

22 

-18 

17 

0 

108 + 20 

76 + 20 

-35 + 5 

56 + 20 

35 + 30 
.·.f ." 

,J 

f .. ~, 
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Reactions leading to c7Hx AH~ (Kcal · mole -l) 

.. 
C + ¢H -+ ¢CH -98 + 20 . 

C + ¢H -+ cycloheptatrienylidene -72 + 20 

CH + ¢H -+ ¢CH+ H· -18 + 20 
.. 

GI + ¢H -+ ¢GI2 -110 + 20 

CH2 + ¢H -+ ¢CH3 

CH2 + ¢H -+ Cl-IT -52 + 10 

CI-I3 + ¢H -+ ¢CH3 + H • +7 + 10 

Reactions leading to c8H6, phenylacetylene (¢AC) 

C2 + ¢H -+ ¢AC 

C2H + ¢H -+ ¢AC + H· 

C2H2 + ¢H -+ ¢AC + 2H· 

C2H2 + ¢H -+ ¢AC + H2 

Reactions leading to ¢2 

¢ · + ¢H -+ ¢ z + H • 

¢H + ¢H ~ ¢2 + Hz 

01+ ¢H "'* ¢z 

Reactions leading to c13H12 

¢CH + ¢H -+ ¢2ai2 

¢CH + ¢H -+ ¢GIT 

-108 + 10 

+22 + 10 

+132 + 30 

+30 + 30 

+10 + 10 

+11 + 10 

--88 + 10 

-78 + 20 

-52 + 20 
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Cycloheptatrienylidene + ¢H ~ ¢arr ·. 

,Cyclohepta:trienylidene + ¢H ~ Spiro-CHT 

¢a-Iz + ¢~ ~ ¢zrnz + H· 

0 . -1 . 
Hof (Kcal · mole ) 

-78 + 20 

+20 ·.- 20 

The above values were calculated via thermochemical cycles involving 
-1 the following quantities (in Kcal mole.): 

References · 

D (Q-I) = 80 149 

D (HC-H) = >120 149 

D (H2C-H)· = <92 149 

D (H C-H) = 101 r· 
.. 149 . 3 . 

D (¢-H) = '102 149 

D CCz) = 143 149 

D (Hz) = 103.2 149,150 

D (HC2-H) = <121 149 

D (CH -¢) . = 87 (?) 149 3 

~H:f for toluene: 20, calculated from D (CH3~¢) = 87. 

D (¢GI2-H) = 77.5 (?) 149 

D (¢Q-I-H) = 100 + 20, estimated -
D (¢"'C2H) = 80 . .::_ 10' estimated 

D C~z-H). = 130, calculated 149,151 
-'· 

0 

~H c.J (benzene) = 24 150 

~Ho 'f. (C2H) = 117 calculated as <124 ·. 149-151 
. ~: ·o 

Mlo f CCzHz) = 54.3. 150 
0 

~H298 f (GIT) = 43.5 152 

.J 

(x 
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!li-fo of _(Q-fT) = 46, calculated (150;152) 
0 

!li-fo r (CHT ~ cycloheptatrienyledine + 2H) = 180 ~ 20, estimated 
0 

M-Io 
r 

(¢CH
3 
~ ¢CH + 2H) = 180 ~ 20, estimated 

-16 (150) 

= 25.2 (151) 

105 +_ 5, averaged from similar compoundsC151) - --
0 

LlHo f (Cgas) = 170(159) 
0 

LlH r (n-C5H6_~ n-C5H5) = 100 ~ 20, estimated 
0 

M-1 r (cy-C5H6 ~ n-C5H6) = 80 ~ 20, estimated 
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APPENDIX E 

The S/K-Method 

In this appendix, a method is suggested which might be of 

use in the investigation of kinetic problems, some of which have 

been described in this thesis, i.e. ·those involving high-energy 

species and multiple collisions in t.he chemical energy range. 

The general idea is as follows: Since at velocities below 

the Bohr-limit the prime energy loss from fast particles occurs 

through "elastic'' collisions with whole atoms in the target, a 

large number of secondary atoms will be created :if the energy of 

liberation of this atom is less than the kinetic energy of the 

fast particle .. The secondary atoms, in tum, will be slowed 

by the same processes and create secondary atoms themselve·s, etc. 

In the case of fast 14c-atoms in benzene, many of the daughter 

atoms are 12c-atoms which may undergo the same reactions as the 

fast 14c-atom, that is, besides the 14c-labeled products there 

will al.so be produced the corresponding 12c-products; To 

- determine their yields, the ·secondary collision funct-ion, S 

(correspondin,g to K for the primary atom), has to be calcu­

lated. It turns out that S can be expressed in terms of K in 

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 
. . 12 14 rat10s of C to C products is, therefore 

E . 

J7cE) ·r(E) ·~ 
E rmax . 

,j (f-l)·K·r·clE 

R :=.: 
E a Ea 

1 + . ~-----..;.._-
max · J K·r·dE · 

E . a 

i.e. it is the smaller the larger E and E are. max a 
Thus ,. th;is 

ratio varies for different shapes and locations of r. By deter­

mining the "natural specific'activity" (R-1) of the products in 

the irradiation sample, one might thus be able to gain some. more 

information with regard to the main features of the reactivity 

curves. 

This method is entirely within the scope of kinetic theory 

as it has been applied to hot
1

-atoin chemistry, 6,12 ,l1Z-l14 and it 

forms an adjunct to the moderator experiments. Its accuracy im­

proyes, of course, as more detailed kinetic data become available: 

However, it requires a high detection sensitivity for the 12c-

compounds, wl1ereas the detection and mass determination of the 

14 C-compounds do not pose any problem. This method fails for the 

12 target molecule as product (benzene), and whenever C-products 

can be formed through other routes (~· biphenyl). 

,·, 
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Required Detection Sensitivity 

For 10 KeV primary 14c-ions the ratio S/K at 10 eV is approxi-
2 3 . . 14 + 

mately 10 - 10 . With a·l% product yield ahd a 1 lJA C -beam 

strength approximately 1016 JJPlecules {ca. 10-5 g) of a particular. 

12 C-product are fanned per hour. Separation of the products, must 

be made on glc. 

Methods for the Determination of the Yield Ratio R 

1) Mass spectrometer: This is the most sensitive method (ca. 

10-9 g). It also pennits theratio detennination in conjunction 

·. 14 
with the glc separation in erie measurement: Ratio of C-parent 

ion to 12c-parent ion'intensity from the mals spectrometer 

output. 
. 12 .. 

2) Glc/proportional counter<: The total amount per -C-product 

is barely detectable with heat-conductivity detection, and absolute 

values may be rather inaccurate. 

- 3) P~rhaps the cheapest and most accurate method is the 

following: Products are trapped as they emerge from glc and 

dissolved in ca. 150 lJl ethanol. A 5 OJ). glass capillary-cuvette 

(volume 150 lJl) is filled with this solution and the concerttratimi 

detennined by W. The activity concentration is detennined for a ':-

known volume of the same solution in a liquid-sciritillation count~r< J 

. I 

benzene was irradiated with a 12c+-ion beam and the whole sample. 
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injected on glc (CW 20M, same conditions as previously discussed). 

Product peaks were observed and the trapping of the products was 

successful also. However, the W spectra showed large background 

absorptions due to either column liquid-phase bleed-off or qther 

effluent background, making the quantitative determination of the 

12c.,.cont~nt impossible. Further purification was difficult for 

some compounds because of detection problems. 
. . ·. 12 

Nevertheless, the GL-chromatogram showed that C-toluene, 

12c-cycloheptatriene, 

much lower yields than 

12 . . 
and C-phenylacetylene were formed in 

12c-diphenylmethane and 12c-phenylcyclo-

·· hepta triene, and lower, also, than would be expected from the 

d · 14c · ld · Th · · d · h th correspon 1ng -y1e ratios. 1s m 1cates t at e precur-' 

sors for toluene, cycloheptatriene, and phenylacetylene are 

. formed, on the average, at much higher energy than the other com-

pmmds or their precursors, in agreement with the conclusions of 

Chapter II I , 4. 

Calculation of the Secondary Collision Function 

As in Chapter III, 2, the primary particle collision function 

is defined by 

. EB . 

-. ' 

K(E) = k(E,EB) + f k(E,E) ·K(e:)de: (i) 

E 

where 

k(E2,E1) probability that the colliding (primary) 
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particle of energy E1 will have the 

energy E2 after the collision 

beam energy 

energy 

integration variable, energy. 

·If the beam particle is distinguishable from the target particles, : 

the secondary collision function S(E) is defined by 

EB. . .·. . 

S(E) = k(~-E,EB)" + 2 f S(e:)·k(E,E)dt:"+ 

E 

It is assumed again that 

1 

fB . . . 
J K(e:) · k(E-i ,·e:)de: (2) 

E 

(3) 

i.e. that the dynamics of the system can be described as if the 

co~lisions occur isotropitally between free target molecules with '·) 

masses equal to that of the beam particle. 

Equation (2) becomes 

S(E) 
1 

EB . EB 

2 f .!_ S(e:)de: J K(e:) = -+ + 
EB e: . 

E E 

Differentiation of .( 4) with respect to E yields 

;,\, . : 

1 d - e: 
e: 

(4} 

·' 
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2 K 
- E" S(E) - .E" 

TI1e solution of (1), with assumption (3), is 

K = 

1 
E 

0 

The solution of (5)) with K from (6)J is 

S(E) 1 = - E" + 
D 

E7 

(5) 

(6) 

(7) 

where D is a constant which is determined by inserting (7) into (4}: 

D = 2·EB , and 

S(E) ( = -K + S') . (8) 

Since we are mostly interested in that part of S(E) where E . 
. ~ > > 1 , the term - i contributes negligibly nruch to S(E). 

The ratio S/K is therefore 

S 2EB 
K I= E 

and (9) 

S(E) = f(E)·K(E) where (10) 

f(E) = 
2EB 

> 1 and increases for decreasing energy E. (11) 
E 
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In the above calculation it: was assumed that the energy of 
' ,, 

liberating a secondary atom E1 is zero. The solution for S is 

therefore good only if E and EB are large compared with E1 . If 

this is not the case the influence of E1 upon S(E} can be deter­

mined through a 'correc~ion at :kCE2,E1)i 

,-_:. -.. 
:'I' 

The integral equation for S.(E) is now 

E . 
B 

+ J . 'scf) 

E 

'EB ... 

f. .!. . f.-E 
K(t:) • __ L d~ 

f f: 

E 

. E . J~B 
.!. df. + 
£ ' '. 

£--Ec 1 --.-. S(r.) d£ 

E 

Solving (13) in the same manner as ( 4) yields 

S(E) 
E E· 

1 B L = - E + 2 (Z - E ) . 
E B 

E . 
L 

-E:" 
B 

e . e 

(12) 

(13) 

(14) 

EL EL 
- Ej3 · exp ( - Ej3 ) describes t~e dev:iation of S(E) (according to 

[8]) if E1 ~ EB . in most cases, however, thiS correction· is 
, E , 

negligible. exp ( - rf:.. ) describes the ·correction for S (E) in the 

range where E ~ E1 . . In Figure 37 are plotte-d 'the ratios S/K versus. 
EL . 

energy for different values E:"- (~fo). "f' = 0" is S(E) according. to 
B 

' 
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B is the energy (in units of the 
initial energy of the beam particle) 
which is needed to liberate a secondary 
particle from its bonded environment. 

E 
ENERGY, EB 

:?igure 37. 

XBL 695-4256 

Ratios of secondary to primary particle collision 

,lens.itv versus energy (in units of the beam energy EB}, for 

;.iarious values of , 
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(8). All energies are expressed in terms of the initial energy 

EB. (This transfonnation also transforms S(E} and K(E); however, 

the ratio S/K is invariant,') 

The ratio S/K is constant if E ~ E1 . The relative change of 
. EL 

S/K for E ~E1 is approximately independent of~ . ·This indi-
B,-

cates that not much in!ormation will be gained by detennining 

the 12c;14 C-yield ratios as a function of the initial energy -­

except possibly an approximate value for E1 . 

Secondary collision functions were also calculated for the 

case of unequal masses between beani and target particles. In 

this case, equation (4} has to be solved separately for separate 

energy intervals. This leads through a recursion procedure to 

an asymptotic solution for S(E). However, the more realistic 

case of a target consisting of a mixture of atoms with different 

masses requires the solution of a system of integral equations 

for the secondary collision functions for the different atoms. 

The recursion method fails and analytic solutions can be ob­

tained only with very .simplifying assumptions. For moderator 

experiments the possibly numerical solution of this system of. 

integral equations may be profitable. 

,. 

·.·:..; 
' , ... 
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