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ABSTRACT 

«V ilt-Kt-r i hf .1 s lndv of t he omlorrf t l f , Mraoloi-ular r o a r l i o n s ol 

!' , v i l l i I T , ! ( ' ! . -mil Ml Id .1 .TOrtsod fitolotul.tr be.its expe r imen t . Tin-

Mi!...l.H-<'i'- I ! ! ' . < l l ! . -lilt! MIK have been d l r i r l i v ob-u-rved .is I he 

,.i.»iln, t . ..[ (»u-s.- C.-.M t ion*. At hic'i* c o l l i s i o n cnor^lvri .i *«M-KHI! 

r<*.t. [ ivi- rh.intii 1 pfot'tir itif* t¥ bei-ocu-s inpor l - i t i l . J'rot!»ii-[ an gut a «• .»•«( 

• 1.- i : . .! i«.! r iiuii (I'HH ahov [hat Ebfs IF d o t s no I r t - su l l frota -> ft-ur-

. .-tii.-i .-*• h.m. <- C M . ! (<m. Measured (hreshnl-.l i-«ert*ies for i h«- I*>I*R.II ion 

•! I ! : . i : i !J ' . .»«.: 111? v i e l d lover botmds l . the » M l i i l i t i c K <»1 the se 

r . !»- . nl*-s, wilM r . s p r . l [o 1 iu- s e p a r a t e d aU'.BS, o( n*?, HI . and 9<i 

V,.-al / n o l o . r«-sprc( i v e l y . Anal v . iU of prr;!-:-* . - en te r - e* -taass angu l a r 

. i t s i r i h u i i n u t indi<-a(*-.•. tha i a * t i j*hi lv m»n-i i«<ar approaeh in oost 

. : ! . - . ( Sv<- in *»rlti;:inn about r w n i l i ' i i in fnrn :lu- t i r ab le » r i a t o » i r 

A'-.n t!.-.i. rit>;'t! i'. a i -rosjirt! n o l o i u l . t r beam si udv of tbo Ci + Rr., • 

i.rt I + :lr nM< f Inn as ; o l ! i si-m rn.-rRle.-t frntn <>.H io 17. J k r a t / ( s o l e , 

i ;w f .MiUt i itulit-.id- I '- .»I ih i.-f n- . i t l ion UHK i 1M- i - h a r a r r e r i s l i r s of an 
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cxoergic reaction on an attractive potential energy surface with early 

oitcrgv release. Reagent transIation.il energy is very efficiently 

channeled Into product internal energy. At high collision energy 

the ri-.ution appears to approach the spectator stripping limit. 

A reliable, resistance heated graphite nozzle beam source which 

is c.ip.iblc oi' producing high intensity supersonic atomic and molecular 

lu-.iras of chlorine, bromine, and iodine. Is also described. Using 

•ifi-dvd liiilô i-n g.is mixtures, beams with kinetic energies up to several 

•V wit!'. 10-IV FWMM velocity spread can be i-asflv produced. 

Final lv, we describe a series of computer programs which ran be 

u?.ed i» carry out tin* requisite data analvsfs for crossed mole* ul.ir 

hi-.im r.-.iel ive scattering experiments. Tliese programs recover tin* 

ri-.u ( tvi' sc.it taring center-of-mass flux distribution from the measured 

• ingn!ar ;>nd velocity distributions of the products. 

http://transIation.il
http://sc.it
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I. INTRODUCTION 

The utility of tlit.- crossed molecular beam mt-'.hod for investigating 

tin* dynamics of chemical reactions lias become well established in recent 
1,2 3 

v.'iirs. Recent reviews and monographs have discussed in detail the 

experimental techniques of this method and tiu- large and ever increasing 

number of t ear i inns which have K e n studied in this way. Two parti-

• ularlv advantageous features of crossed molecular beam experiments 

arc liu- detection nf the reaction products after a single reactive 

<iiLO!inrer, .in.l thi- facility with which tin initial transnational energy 

,>! tlte rcartattts lan be adjusted. 

!'he tirs; .*t i IIL-SV allocs the measurement uf the nascent product 

i.-u-r̂ v disr.r i: ut ien in the absence of any tolJisional degradation. 

tith r spt-ctrobi .M' ic observation of product internal energy distributions, 

or velocity analysis of Lhe products to obtain recoil transnational 

nuT/.y d:str ihu: iiMi^, coupled with the knc---n thermodynamics of the 

r. ,i.l ions, en.}.-- or eXoerj;te i t ies . can he exploited tnyield detailed 

ii.i orr.at ir.ii about reaction energy disposal. Just as important, if not 

iui.r-.-io. Ls tin f.n i that tb ? detection of products under single collision 

i i>mli r ions fa*.-il ; Lates U K - ihservation of possible transient species, 

which although not always dt ertable in bulk kinetic experiments, 

obviously can be important ii elucidating the d*\ amies and explaining 

macroscopic rate expression? of -Auctions. 

The second favorable feature of crossed molecular beam experiments, 

) h« "i un.ihi 1 i 1 v" of tlie lnit ial react ant t ransiationai energy, is 
A i<i im.ir f 1 v achieved by the use of "seeded" supersonic nozzle beams. 

http://iui.r-.-io
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The use of sucti nozzle sources, which produce beams with hypothermal 

or hyperthermal energy with very narrow (10-I5X FWIIM) velocity 

distributions, aHows detailed investigation of the energy dependence 

of elastic, inelastic, and reactive collisional processes. 

In chapter 11 we describe the construction of a reliable, resistance 

heated nozxle beam source which is capable of producing Sigh intf-bMy 

supersonic atomic and molecular beans of chlorine, broriine, and iodine. 

The list- of a high density graphite nozzle eliminates wjrrnsicm and 

allows operation up to -100 K. Using seeded halogen gas mixtures. 

beams with kinetic energies up to several eV with 10-15£ KWHM velocity 

spread can be easily produced. 

Tin use of this benra source to study the CI + Br, * llrCl + Br 

reaction is reported in chapter IV. The results indicate that this 

n-.iction has the characterise ics of an exoergic reaction on an attractive 

potential energy surface with early energy release. Reagent trans-

I.itforcal energy Is very efficiently channeled into product internal 

energy. Although the CI - Br, interaction is attractive, the cross 

station for reaction is much smaller than the hard sphere value. A 

study of the reaction as a function of collision energy reveals chat 

at relatively high collision energy, 15-20 kcal/mole, the reaction 

approaches the spectator stripping limit and is nearly a two body 

process, while at lower collision energy, -? kcal/mole, the reaction 

dynamics arc considerably more complicated and definitely three body 

in character. 
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rhapier III describes a siwrfv of the reactions of ?~ with the 
ii.ilô t-n coiit. tin inf. molecules !-,» IC1, and HI. The trlhalopens H F 

.ind C M F , and I he pseudo-l r ihalogen !f!F have been directly observed 

.is tin- prndu.-ts i-'f these endoergic Mtnolecular reactions: 
f_t 4 >;i —.-*, xiF + F. 

At hH*.h eollisfen energies a second reaction channel, producing IF, 

ln-i tnn« s Import aut : 

F., + XI <- X + IF + F. 

Irndu' r angul-tr and veloiltv d i s i r £ hut ions show that this IF does not 

result fr«m .1 I'.-ur-cent <T exchange fraction: 

F 4. y A , X F + JJ.*. 

observe thr. ;'u Id eiu-rgies for the formation of I IF, ClIF. and HIF 

vi. Id lower h.Mind;. t.- the stab i i i l its of Ihcse molecules, with respect 

I. : v separated atoms, of 69, SI, mu\ 9h kcal/nole. respectively. 

Analvsis of the product center-of-mass angular distributions indicates 

that ,i slightiv non-linear approach is most effective in bringing 

about react ten to form the stable triatomic radicals. These studies 

I'IVI-.I! .i poteMiiallv important mechanism for the F., + I., •• 2IF gas 

I'liibi re.iet i.'n. 

r'inally, in chapter V, several computer prot rams are described 

which tan he used to carry out the requisite data analysis for reactive 

se.iiiering t >:per inu-nts. These programs facilitate the recovery of 

the- re.iet ivc scattering doubly differential cross section In the 

. iiu.r-ipf-mas'- inordinate system, the quantity of interest, from 

measured angular and velocity distributions of products. 
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I I . AN ATOMIC AND. WH.FXfl AR IIAI-OCEN S'OZZLE BCwM SOURCE 

A • 'i.U r. l,!.d. t l t ; L *"" 

In a mi>11 • ul . i r bcr.im suurce a K a : i . or t he vapor of a s o l i d or 

.' njuii t , flows t rum a c losed chamber or oven through a small o r i f i c e 

! nt i> .111 t'v.Ku.iU'i! expe r imen ta l chamber. Ik f i n i n g e lements such a s 

•• i i! -. a r e usiti t-i r e s t r i c t the s i z e and d i vereenco cf the berrn. One 

.'Htfn.pis in ['nis wav to product.- a beam of atoms o r molecu les which i s 

vi ! i .et'iited •;;..)! i . i l lv and m which c o l l i s i o n s hi-1ween p a r t i c . e s in 

: rse ; i .iir an- i-1 in snared . i'-y c .msini ; two surh beams to i n t e r s e c t or 

: , ' s - .it Siipu a r b i t r a r y unyU one can s tudy c o l l i s i o n a l p r o c e s s e s , 

• ) ! . ! ; . i lit :..-•-. i. , .>r r e a . l i v e •-cat: <T in^ , under s i n g l e c o l l i s i o n 

". vi '.i'. ..;• i;i.ir: s o u r c e s i .m :>e ciiarac t er ized by a unudsen number , 

K * .'. / ! ) , a ) 
n f 

:•• • :• ' is :i;i diameter of 'he source orifice and * is the mean free 
o 

• . : •. : lh< i-.i;. 01 vapor in •;he source chamber. 

, 3 ----11 . ( 2 ) 
° i'2r P vise o 

f and T .ire the source pressure and temperature and a . is the i> o V1SC 
i;us vis.ocitv cross section. K J characterizes the molecular effusion n 
•..uiri t. , whili for the nozzle snurcc K '1. In the molecular effusion 

source the particles do not undergo any collisions in passing through 

i In- orifice, while for a nozzle source the particles undergo many 

collisions in passing through the orifice. This is the basic difference 

http://partic.es
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between the molecular effusion source and the nozzle beam source and 

is responsible for the radically different properties of the two 

sources. 

The molecular effusion source, shown schematically in Figure 1 

is ea.*y to operate and simple to construct. Because the beam particles 

do not undergo collisions in passing through the orifice, the properties 

of a beam produced from sue1,! a source are easily understood in terms 

of the properties of the gas in the source chamber and the kinetic 

theory of gases. However, simplicity of operation and ease of con­

struction are not the most important attributes of a molecular beam 

source. Of greater importance are the intensity, the angular 

divergence and the velocity distribution of the beam. 

Intensity is obviously important in any experiment which employs 

a molecular beam source, and is particularly important in crossed 

beam experiments, where detected intensities of scattered products 

are extremely snail. Crossed beam experiments also require small angular 

divergences and narrow velocity distributions in the beams. The impor­

tant Features of differential elastic scattering cross sections are 

velocity dependent. Reactive scattering differential and total cross 

sections are often strongly energy (hence velocity) dependent, especially 
2 Tor endoergic reactions. Moreover, the laboratory to center-of-mass 

transformation Jacobian which allows physically significant information 

to be derived from laboratory data is dependent on the velocities and 

intersection angle of the crossed beams. Large angular divergences and 

wide velocity distributions of the beams hence reduce the amount of 



information which can be obtained froa crossed beam collision 

experiments. 

Judged by the important criteria of intensity, angular divergence 

and velocity distribution, the molecular affusion source is quite 

inferior to the nozzle source. For the effusion source the specific 
3 intensity, I (v, 6), easily calculated from gas kinetic theory, is: 

(3) 

where n is the gas number density in the source, A ' is the area of o o 
the source orifice, and f(v) is the Haxwell-Boltzmann velocity 

distribution function, 
., . 2-3 -3/2 , 2. 2. ... 
t(,v) = v a is exp (-v fs ), (H) 

2 where a = 2kT/m. By integrating over v at 6 = 0 the total intensity 

r 0 0 

I- = I X(v,0)dv = n A v/4n, (5) f Jo o o 
1/2 where v = 2U/TI is the average velocity. As pointed out by Pauly and 

Toennies the maximum forward intensity for a rectangular slit is 

independent of the slit width if the width is kept equal to the mean 

free path (K = 1 ) . This maximum intensity is, within an order of 

magnitude, the same for all gases, and as shown by Pauly and Toennies, 

is 5 x 10 particles/sr-sec. As will be shown later this intensity 

is two or three orders or magnitude less than that which can be produced 

hy the nozzle source. 

The directivity of the molecular effusion source is also quite 

poor. As can be seen from equation 3 the angular divergence is quite 

l;irge, the r^U'* ^i/?' a t which the beam intensity has fallen to If/2 
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is about one radian. Since the velocity distribution is Maxwellian 

the molecular effusion source is also poor for studying collisional 

processes in crossed beams fur reasons outlined above. With the 

addition of a mechanical velocity selector the wide velocity distri­

bution of the molecular effusion source can be used to advantage in 

the study of the velocity dependence of collisional processes. However, 

as will become evident later, the nozzle source can be effectively used 

to provide higher intensities at a wider range of velocities than the 

molecular effusion source - mechanical velocity selector combination. 

The poor directivity of the molecular effusion source can be easily 

improved by employing a many channel source which has an array of small 

capillaries bunched closely together. The capillaries have a diameter 

D, which is much smaller than their length, 1. At pressures ~iuch that 

A -1, the directivity, Q-,/2' °f a single channel is given by 8,,2~D/1* 

However, these pressures correspond to low flow rates, and at higher 

pressures the many channel array behaves like an effusion source, with 

a maximum beam intensity the same as that of a molecular effusion source 

of the same total orifice area. 

By employing a nozzle source to produce a supersonic molecular beam 

the J imitations inherent in the molecular effusion source can be avoided, 

using a nozzle source which is almost as simple to construct and operate 

as the: molecular effusion source. Figure 2 gives a schematic of a 

typical nozzle source. The beam, which is now a gas jet, is produced by 

expanding a gas from a region of high pressure (a few hundred toir) in 

the nozzle through a small orifice (a few thousandths of an inch in 



diameter). The skimmer, a hollow truncated cone with an orifice a few 

hundreths of an inch in diameter, samples the expanded gas. jet to produce 

the beam and deflect? away the remaining gas. Because the total gas 

flow with a nozzle source is greater by one or two orders of magnitude 

lhan with a molecular ?ffusion source,a second pumping chamber, the 

differential pumping chamber, is necessary when operating a nozzle 

source. As can be seen by comparing Figures 1 and 2, this arrangement 

makes the skimmer of the nozzle source analogous to the source orifice 

nf the molecular effusion source. 
6 The beam intensity on axis for a nozzle source is given by: 

I ( v ,o, . ! A / ± V [ 1 + f » 2 ] 3 , 2 - | I / h - 1 ) 1 

-feu-**1"-^) X exp-l-a-[l + V - "'1 - ^=^1 • C 6 ) 

where n , a are the gas number density and most probable velocity in 

the nozzle, A is the area of the skimmer orifice, y is the ratio of 

specific heats, and M is the mach number, defined as 

" 2 " ( V
most probable^'- <7> 

where c is the local speed of sound in the beam. By integrating equation 
4 6 over v and dividing by equation 5 one obtains an estimate of the 

intensity gain in the forward direction (relative to the molecular 

effusion source) which can be achieved with a nozzle source: 

3/2 M2 3/2 W exp (8) 

Equation 8 was derived assuming A = A , that is that the molecular 
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t'ffusion source orifice and nozzle source skimmer orifice have the sane 

area and that the effusion source is operated at maximum intensity 

(K = ' ) . Typically M = 10 to 20, hence for a monatomic pas (> * 5/3) 

this ratio Is 180 to 740. 

This result was derived assuming an ideal nozzle source expansion, 

neglecting interference between the gas jet and the skimmer and between 

the gas jet and the background gas. Interference of these types 

is always present to some degree and so equation 8 gives , i n estimate 

of r.he maximum intensity gain possible, nevertheless intensity gains 

approximately as large as predicted have been demonstrated in practice. 

Uier and Hagena producing nozzle beams of nitrogen, argon, and helium 

observed intensities of 3.6 x 10 1 8. 1.8 x 10 .and 4.1 x 10 1 9 particles/ 

wr-see respectively, intensities 3d to 800 times greater than the 

maximum molecular effusion intensity (taken as !> x 11 particles/see-sr 

of nitrogen, hydrogen, and helium, 4 x 10 to 3 x 10 particles/sr-sec, 

80 to 600 times more intense than the molecular effusion source. Scoles 
9 and Tcrello, using a liquid helium pumpc! nozzle source <btained a 

beam of argon of 4 x 10 particles/sr-sec, 80 times more intense than 

a molecular effusion source. Camparquc has recently produced nozzle 
21 

beams of various gases with intensities to 10 particles/sr-sec. 

Because of the nature of the expansion of the gas through the 

nozzle orifice significant reduction in the angular divergence and the 

width of the beam velocity distribution is effected. This reduction 

in the angular and velocity spread comes about because the supersonic 



expansion is .in iscntropic process which converts the random therrMl 

.nergv e-f tin. g;»s in in*- source into directed mass flow. The flow 

vvlwiiy, v, is lu-nct- related tc the enthalpy of the gas: 

1/Zmv"' ' I ° Cp dT. (9> 
"'T 

where m is tht- molifi-ul.tr weight, Cp the luat capacity, and T and T .ire 

:!•<• gas temperatures in the nozzle source and expanded beam respectively. 

I is LvpJt-iil lv verv small, 2U K or less. This very large reduction In 

tin- (tn;uT.ittir«- of ih»- beam particles effects n reduction in the random 

vi'liciiv nf the* beam. 

IV a first appr. 'mat ion the velocity spread of the beam Av/v is 

lust i/v. .1 bi iiif lite most probable random velocity of the ga^ in the 

In-,IP-.. i is related to the speed of sound, <:, in the beam by: 

112 

e « 4 W J ) . (10) 

\\\ TI« .• :rom ei;u.it ion SO .in J lunation 7 the velocity spread can be 

. ..;.t r: M-I. in terms the Mach number, M. by; 

v v ^ \ , ) M " (11) 

:du<- i represents the most probable velocity transverse to the flow, 

w'v \s also a measure of the beam divergence, &,/•». 

~ » fcV'3-1-. 
1/.' v V*. / H 
!/-» v \*» / H ' (12) 

Sim*- M is typically 10 to 20 the width of the velocity distribution and 

lite .inj'iil.ir tlivi-r-.i-iu-e c m be qui I*- smalt. 

tlyperthcrmal « DITJ'.V beam:; can easily be produced by expanding 

mixtures of gases from the nozzle source, the so-called "seeded" bean 

http://molifi-ul.tr


technique. Keam energies of several eV can be achieved in this way. 

In this respect the imzzle source is again far superior to the molerulnr 

effusion source, for which the mean kinetic energy is limited to about 

.'» eV. The nozzle source is -TIJSO superior to charge exchange beam 

siMtn es which produce high energy beams by charge exchange neutralization 

of ;i>.t eleraied ions, for which spare charge effects limit intensities 

below about 10 L-V. Unfortunately, this lower end of the hyperthermnl 

energy range is the most interesting of alt to chemists because it 

includes the dissociation enetgy of alt chemical bonds and the activation 

en«-rgy of most chemical reactions. 

The principle of operation of the seeded nozzle beam is quite 

staple. If one expands a light gas (H , He, Ne) which contains a few per 

n-m h»-avy molecules or atoms (N,,, Cs, CI.) the heavy particles are 

i!ragged along at the mean stream velocity, v, which (analogous to 

equation *J) is given bv: 

- 2 F 
\ ;'2mv •> I 

Jl 
l/2mv " I CpdT, (13) 

where m, Cp are the concentration weighted molecular weight and heat 

rapacity. The heavy molecules thus attain a kinetic energy higher than 

their original thermal energy by a factor of n^/m "u/™! t n e ratio of 

the molecular weight of the heavy to light species. 

This technique can also obviously be used to produce a decelerated 

beam by seeding a light species in a large amount of heavy diluent 

species. Such "anti-seeded" beams are necessary to produce hypothcrmal 

energy beams of species such as halogen atoms which can only be produced 

,ii high nozzle temperatures. 



The seeding technique has been used to product- hyperthermal energy 

?n-.itn:>>'t up to 10 i V H n e t It* energy. Such beam* have been used in 

•.indies of it.llision.il dissotl.it inn, '* the energy dependence of 

rr.'ici u<n (TIIKS seciinns, ."in'! rotational energy transfer. However, 

tin- seeding technique lias been aim*fit exclusively limited to beams of 

"H)I»-i-u!«r ox st.iMi- atomic species. fntil the development of Lhe 

source described h«*hiv and a slnilar on*.- for producing fluorine atoms, 

bearis iif li.ihijen atoms had usually been produced bv thermal dissociation 

tn a nolecular .lliiMnn smirec .• r f>v lew j»rr.ssun electric" discharge. 

I.U-. trie d i-.i n.ir/.- sources .-.in >>nly be v-ed tc produce law energy (less 

I i I.I n . L)4 i V) hi1 open at ore bean's , vh i ]*• therm.! 1 Ji ssoc iat ion sources are 

!:rited by c hi R.ilting point of tin- cunt ai ning material to ahnttt -3 eV. 

rin- i'i ru-r I ir.; tat ions of the rcelecular effusion source which have been 

if i scussei! n.iki i i unsui t ab le ior experiment s wt vi shed to carry out, such 

.is h i i:h resolution elastic scattering ci halogen atoms, energy dependen.e 

of ha I open at <»n react ion cross sec t 'ons „ and the wt udy of endoergie 

re.ie I ions of ha 1 oj'i u ^I etas and no 1 eculrs . 

lor these reasons we have constructed ;• nuzzle source which can be 

ur»ed to prodMCed beams of halogen atoms bv thermal dissociation. The 

source employs ;i graphite nozzle which can be heated to temperatures 

above 2(100 K to produce beams of chlorine, bromine, or iodine molecules 

or alums seeded in rare gas diluents. Both hyper thermal and bypotherinal 

«nergy beams have been produced for crossed beam stuuies of reactive 

collisions of chlorine molecules and .itons" and elastic scattering of 

http://it.llision.il
http://dissotl.it
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B. Source Construction 

The nozzle source shown partially sectioned in Figure 3, Is 

resisttvely heated by tow voltage, high current AC power (up to 7 

volts rras and 450 amps). This low voltage, high current povcr is 

provided by winding 4/0 welding cable as the secondary around a 

toroidal primary coll. A rheostat controls the primary voltage 

(0-117 VAC), which is supplied by a line voltage regulator. Figure 

4 is an enlarged and simplified axial]y sectioned view of the source 

showing the heating current path. 

l'he outer graphite tube and nozzle are machined from a special 
24 high-iU'nsity graphite. the nozzle orifice (.079 mm) is hand drilled 

;iiicr *tuaJ machining. The outer graphite tube (2.22 cm 0.D., .32 cm 

w.ill) is screwed into the copper mounting block and a graphite nut is 

screwed onto the tube .nnd tij;Ktened down against the copper mounting 

block to hold the outer graphite tube firmly in place. The nozzle 

itself (1.1'7 cm O.D., .32 cm wall) is supported at two points. At 

the- front it fits snugly into the conical bore of the outer graphite 

lulu-. At the ruar it is securely mounted in a two piece copper 

supporting block which is spHt along the axis of the nozzle. The 

two halves of the supporting block are tightened down on the two 

halves of a cylindrical graphite sleeve in which the nozzle can slide. 

This arrangement gives stable support to the nozzle while allowing axial 

movement due to thermal expansion of the nozzle upon heating. The 

nozzle supporting block is rigidly fixed to the copper mounting block 

by means of two screws which are electrically insulated from the mounting 
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block by mica washers and teflon sleeves. The supporting block and 

im>unting block arc separated by severa] thicknesses of nuca sheet. 

At its end the nozzle is attached to a .32 cm O.D. stainless 
25 scec-J gas feed line by means of an 0"-ring type fitting. A thin 

copper plate is attached to the rear of this fitting, and t\:o steel 

springs connecting the plate to the copper supporting block apply a 

small axial force to the nozzle. This spring loading keeps the nozzle 

firtiUy seated in the conical bore of the outer graphite tube, despite 

thermal expansion and contraction of the nozzle when repeatedly heated 

.nid cooled. The gas feed lint is wound in a large radius helix tc 

.illow tor the expansion and contraction of the nozzle. 

Tin.- source must be extensively cooled due to the laL'ge power 

dissipation in the nozzle. Both the copper mounting block and nozzle 

supporting biock are internally drilled with channels to allow passage 

i>i cooling water. The ''(V'-ring fitting is cooled through a copper 

block which clanps to the fitting, and which is internally drilled 

with cooling water channels. This cooling allows the "0"-ring temper­

ature to ht- maintained at less than 425 K while the nozzle may be more 

lh;in -'000 K. 

The nozzle assembly is precisely mounted on the front plate of 

tlu- source chamber (Fig. 5, L) so as to be accurately aligned with 

the skimmer which is also mounted on the front plate. Figure 5 shows 

the nozzle asserahly mounted in the source chamber. The end plate of 

the sourcf chamber has several feedthroughs for electrical power, 

cooling water, gas mixture, and thermocouples. The two pairs of copper 

mhos (.64 cm O.D.) which provide cooling water for the copper mountinp 
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block and nozzle supporting block also carry the heating current for 

the nozzle. They are attached to external power cables via bus bars. 
25 Vacuum feedchroughs are made by drilling out 0 -ring fittings to 

accomodate .64 cm O.D. copper tubes. These fittings are attached to 

lucite flanges which electrically insulate the copper tubes from the 

end plate. Because of the large radiative flux, the front of the 

source chamber is also cooled. For this purpose, water is passed 

through a .64 cm O.D. copper tube soldered to the front surface of 

the source chamber. Monel, stainless steel, and graphite skimmers of 

.51 to 1.02 mm orifice diameter have been used with the source. Visible 

deterioration of the metal skimmers occurs after extended use due to 

the high temperature and corrcive nature of the beam. The graphite 

skimmers have proved highly resistant to physical deterioration, 

especially at the skimmer lip. For the data reported here a stainless 

steel skimmer of .94 mm diameter wa-j used, with a nozzle to skimmer 

distance of .57 cm. 

c* Beam Characterization 

Velocity distributions of seeded beams of halogen atoms and 

molecules produced by expansion from the graphite nozzle have been 

determined from time-of-flight velocity analysis. For this analysis 

the hean was gated on and off by a rotating (150 to 300 cps} aluminum 

ill̂ k of 17.7ft cm diameter with eight slots of .165 cm width equally 

spaced around the periphery. The rotating disk was located at the 

enrrace .iperture (0.028 cm diameter) of an electron bombardment 
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ionizer/quadrupule mass spectrometer detector which lias been described 

in detail e! sewhere Ti.e flight path from the rotating wheel to 

tlit ionizer was 17.3 cm. A computer controlled 2J6 channel scaler 

was used to record the signal intensity as a function of flight time. 

Tiiu start pulse for the multichannel scaler was generated by an 

I.Hi-photot ransi tor pair which was also gated on and off by the rotating 

.11 iircinum disk, and which was located 90° around the wheel from the beam 

path. The channel width is variable, a width of U usee was used for 

this analysis. 

Th i s arrangement ĵ v*. "n in^t rumen t a 1 veloci ty (time) resolution 

.•! 1 in i ST , di pciidiiij; on flight time. "his instrumental broadening 

i--. rliie to the width of the gating function and the ionizer length. 
27 Tin- jrti'al t inu—of-f t ight spectra were recovered by deconvolut ing 

tin- I'hst-rved distribution, lining the known ionizer geometry and 

geomet rically corret t gating function. Corrections to the flight 

times were made for the ion fl ighr time in the detector and the 90° 

phase difference between the multichannel scaler start pulse and the 

gat i:,g of ilie beam. The tine scale of the scaler was calibrated by 

recording the i inte-of-f 1 iglu. tlisrriburimis of supersonic beams of 

pure rare gases expanded from the graphite nozzle at a known temperature 

("100 K ) , and comparing them with calculated spectra. The time-of-flight 

distributions were then converted to flux velocity distributions and 

ihe peak flux veIoc it ies determined. This procedure gave velociLies 

which ..".• accurate to between L. Y-'<. and 7%, the largest uncertainty 

being that for the fastest beams of chlorine seeded in helium at the 

highest temperatures, about 170(1 K. 
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Figure 6 shows the variation of the peak flu* velocities for 

chlorine atoms, chlorine molecules, and diluent gas a function of nozzle* 

temperature for various seeded mixtures. The accessible range of 

particle energies for this source using these seeded mixtures is quite 

large. For chlorine atoms energies as low as .10 eV and as high as 1.4 

eV are possible. For chlorine molecules the energy range is even wider, 

from .02 to 2.2 eV. By contrast, an effusive graphite source would 

have an energy range of about .1 eV to .2 eV for chlorine atoms and 

.03 to .2 eV for molecules. 

The light curve drawn for each seeded mixture gives the expected 

ifmperature dependence of the peak velocity assuming an ideal seeded 

beam expansion, i.e., one in which all species attain the same peak 

velocity. This expected temperature dependence of the peak velocity 

is only approximate, dee to an uncertainty in the nozzle temperature 

which is discussed later. Tne curve is scaled at one temperature to 

the mole fraction weighted average of the diluent gas and chlorine 

molecule velocities. For Cl?|Ar the observed and ideal peak velocities 

are scaled at 300 K, for ClJXe the scaling was done at 880 K, since 

the Xe velocity distribution at room temperature was not recorded. For 

dilute seeded mixtures such as these, the diluent peak velocities should 

follow very closely the curve even for a non-ideal expansion. Deviation 

from this behavior is evident in Figure 6 and is probably due to the 

uncertainty in the gas temperature in the nozzle. Despite non-ideal 

behavior, the observed velocities of the ClJAr and Cl2|Xe mixtures 

rnuK'tly follow the peak velocities expected of an ideal expansion. A 

slight amount oi "slippage" is evident, especially at higher temperatures, 



where the particle number density in the beam may be too .iraall to 

produce sufficient collisions to effect momentum and energy equiii-

brat ion between .seed and diluent species in the expansion. No curve 

of ideal velocity versus nozzle temperature is shown for the CI-]He 

mi xt ure, as LIIL* hvlium vt loci t ies were not measured and scaling of 

tin curve is not possible. However, the slippage in this mixture 

is considerable. For a .98% CI,, in He seeded mixture the peak 
4 velocities expected in an ideal expansion are about 38 x 10 cm/sec 

at 16S0 K, while the measured Cl_ velocity is 24 x 10 cm/sec. Velocity 

siippagt in expected to increase as the seed-diljent mass ratio deviates 

1urther from uni ty. 

Since this slippage is due to insufficient seed-diluent collisions 

i ii thi- t'xpans ion an increase in nozzle pressure should lead to an 

increase in the peak velocity of the heavy- species ana a decrease in 

slippage. Such behavior has been observed with this nozzle as can be 

seen in Figure 7. Similar, though less pronounced behavior also has 

bi-en observed for the Cl^jAr and Cl?|Xe mixtures. 

No points corresponding to chlorine atom peak velocities are 

shown for temperatures below about 1300 K where the C1{C1_ ratio is 

less than 10. Although the chlorine atom velocity distributions were 

measured for all temperatures, the distributions are complicated by 

the contribution to the m/e 35 (CI ) signal from Cl 2 fragmentation in 

the detoctor ionizer. Using the measured Cl_ fragmentation ratio 

(Cl̂ lc.1: ) corrections to the chlorine atom velocity distribution can 

he made, but this lias not been done. For temperatures above 1300 K 
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chlorine atoms are 10 to 1000 times more abundant than molecules, 

hence Cl„ fractionation makes an insignificant contribution to the 

CI sigr.al and need not be taken into account. 

The narrow velocity distributions characteristic of supersonic 

nozzle sources are observed with this graphite nozzle. For 1% Cl„ in 

Xe and 10% Cl„ in Ar the Mach numbers measured range from 7 to 9 

(12-16% FWHM). For 1% Cl 2 |He the chlorine ator T-lach numbers are also 

in this range, as are the high {> 1400 K) temperature chlorine molecule 

Mach numbers. However, Mach numbers as high as 25 are observed for 

chlorine molecules at lower temperatures. 

The performance of the graphite nozzle as a source of bromine 

moK-cules and atoms has also been evaluated. Figure 8 shows the 

variation of peak velocities as a function of temperature for all 

species in a 6.3% Br ? in Ar mixture. This mixture wap generated by 

passing the argon diluent gas through a temperature controlled 

reservoir containing liquid bromine. The curve showing the temperature 

dependence u£ the peak velocity for an ideal expansion is scaled to 

the mole fraction weighted sum of the argon and bromine molecule paak 

velocities at 635 K.. As for the chlorine seeded mixtures, velocity 

slippage is evident. Bromine atom and molecule energies of approxi­

mately .3 eV to .5 eV can be produced with this nozzle and seed gas 

mixture. Although velocity distributions for Br^jXe and Br„|He mixtures 

were not measured, the expected range of bromine molecule (atom) energies 

avniJoble from this source, even allowing for slippage, is .04 uV to 

-3.3 eV (.08 eV to -2.0 eV). The Mach numbers observed for bromine 
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molecules and atoms range from about 7 to 15, comparable to those for 

the chlorine seeded mixtures. 

As can be seen in Figures 9 and 10 total dissociation of bromine 

molecules and nearly total dissociation of chlorine can be achieved 

with the graphite nozzle at halogen partial pressures which give 

intensities large enough to be useful for collision experiments. The 

atom:molecule ratios for 10.1% Cl_ in Ar are naturally not as large 

as those shown for the .98% Cl~ in He seeded mixture. However, nearly 

complete dissociation is also seen in the 10% mixture, the C1:C1„ ratio 

being about 200 at 1600 K. 

D. Determination of Nozzle Temperature 

Figures 6 through 10 have abscissas giving the nozzle temperature, 

or more correctly, the temperature of the gas in the nozzle. That these 

two temperatures are not identical is a consequence of the dynamic nature 

of the h ating of the nozzle and of the gas flow through the nozzle. For 

a resistively heated nozzle such as this one which must make good 

electrical, and hence thermal contact with a cooled surface, a large 

temperature gradiei.f. along the nozzle is inevitable. Radiative losses 

will of course considerably reduce this gradient. Such a gradient 

perforce makes the nozzle "temperature" ill-defined. Furthermore, since 

the flow veiccity through the nozzle is quite large, about 6 cm/sec for 

this source, the gas temperature will be a complicated function of the 

nozzlu temperature and temperature gradient. 
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For Figures 6 through 10 we have used a temperature scale based on 

the effective temperature of the gas in the nozzle. This temperature 

scale is determined from analysis of the measured time-of-flight distri­

butions of beams of pure neon produced by expansion from the graphite 

nozzle at several different values of the heating power. The variation 

of this gas temperature with heating power is shown in Figure 11. For 

comparison the temperature of the nozzle was independently determined. 

These measurements were made by placing the nozzle source in a small 

vacuum chamber fitted with an observation window on the axis of the 

bears. The source was then operated under normal conditions with the 

skimmer removed, and a calibrated optical pyrometer was used to view 

the nozzle tip. The gas temperatures fall significantly below the tip 

temperatures determined in this way, especially at high temperatures. 

This disagreement is not unexpected as the nozzle design makes the tip 

region one of large resistance (and hence high temperature) due to 

the mating of the outer graphite tube and nozzle. By varying the gas 

pressure in the nozzle we have also observed the pressure dependence 

of the effective gas temperature. At the nozzle tip temperature of 

1500 K a 107, change in gas temperature occurs as the pressure is 

raised from 500 torr to 1300 torr. 

E. Beam Intensity 

The beam intensity for this nozzle source was not directly measured, 

however a fairly accurate estimate of the intensity can be obtained 
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from a measurement of the pressure rise produced by the beam in the 

scattering chamber (region III of Figure 2). Depending on the pressure 

in the nozzle a pressure rise of 5 x 10 to 10 x 10 torr is observed 

in the scattering chamber, which is pumped by a 5000 £/sec oil diffusion 

pump. The beam intensity is then: 

5 x 10~ torr x 5000 Jl/sec 

using the lower estimate. At 300 K one torr - lit corresponds to 
19 approximately 3.5 x 10 particles, hence the beam intensity is 

approximately 1 x 10 particles/sec. This beams subtends an angle 
-3 19 

of about 10 steradian so the intensity is 1 x 10 particles/sec-sr. 

This gives a chlorine atom intensity of about 1 x 10 particles/cec-sr 

assuming a 1% Cl 7 mixture and assuming the gas in the source and the 

beam have the same composition. The total gas flow for this source is 
—1 18 

approximately 2 x 10 torr - lit/sec or 7 x 10 particles/sec. The 
beam intensity is comparable to those produced by other seeded nozzle 

11,28 sources. 

By comparison, a molecular effusion source - mechanical velocity 

selector combination would give a much lower intensity. In our nozzle 
_3 source arrangement the collision region subtends a solid angle of 10 

steradians at the skimmer which is approximately 3 cm from the collision 

region. Hence the flux of CI atoms into the collision region for a 
17 -3 

It st'i-iled mixLure would be 1 x 10 particles/sec-sr x 10 sr = 

1 x 10 pnrticlos/sec. A molecular effusion source with an intensity 

of 5 :; 10 particles/sec-sr would have to be located at least 10 cm 



from the collision region to allow for the length of the mechanical 

velocity selector. Hence at the effusion source orifice the collision 

region would subtend a solid angle of 10 sr x (-rr ) 10 sr, 
lu cm 12 yielding a flux of 5 x 10 particles/sec into the collision region 

29 
before velocity selection. A very efficient velocity selector with 
a resolution of 15% (to give the same velocity distribution as our 

_2 nozzle source) would have a transmission of about 5 x 10 ~. Hence 
12 the velocity selected flux into the collision region would be 5 x 10 

-2 11 
particles/sec x 5 x 10 = 2.5 x 10 particles/sec. This is about 400 
times less than the intensity of the nozzle beam described here. 

F. Discussion 

The graphite nozzle was not tested using seeded iodine beans. To 

produce an adequate vapor pressure molecular iodine must be heated to 

almuL 350 K. fn order to prevent subsequent condensation of the iodine 

vapor the gas inlet line to the nozzle must also be heated. No provision 

(or such heating was made in the initial construction of the source, 

designed primarily as a chlorine source. With this simple addition 

however, hyperthermal beams of both atomic and molecular iodine could 

be easily produced. Since the bond dissociation energy of molecular 

iodine is only 602 of that of chlorine, total dissociation of iodine 

could be easily achieved. 

Due to its high reactivity, fluorine cannot be used in this 

graphite source. However, using this same design, a reliable atomic 
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18 and molecular fluorine source has been successfully operated wherein 

tin- graphite nozzle components were replaced by pure nickel pieces 

of .sonfwh.it .sculler size. 

In Us present form this source has been used at prosaists of 

two atmospheres or less. It is United in operating pressure by the 

"o"-ring fitting which attaches the stainless steel gas feed line 

t« the graphite nozzle, although we have not determined the actual 

maximum operating prossure of this fitting. Hy metal plating the end 

of the nozzle and brazing the gas feed line to it, the safe operating 

pressure of the nozzle could probably be increased, limited only by 

the- bursting strength of the graphite tube. Operation of the nozzle 

at higher pressures should result in less slippage and higher energies 

!.«r seeded mixtures of halogens in tight carrier gases, such as CI, 

in !!*•, .-it high temperatures. At a given pressure the gas number 

density (- 1/T) is considerably reduced at high temperatures, so 

operation of the nozzle at pressures of several atmospheres will not 

inpose ,-ID unmanageable load on the pumj-'ng system. 

We have not operated the nozzle at temperatures higher than 2100 K. 

Iliis limitation is due to a linlt on the heating power available. Since 

the maximum wording temperature of graphite in vacuum is about 2300 K 

considerable increase in beam energy can be achieved with this source, 

if the heating power can be further increased. 

http://sonfwh.it
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FICURE CAPTIONS 

Schematic diagram of a molecular beam apparatus using a 

molecular effusion source. II and III are the source and 

experimental chambers. Typical operating conditions are 

P ^ 1 0 - 1 torr, P „ = 10"*-*0"5 torr, P „ T =- I0~ 7 torr. o II III 
Schematic diagram of a molecular beam apparatus using a 

nozzle source. I f II and III are the source, differential 

pumping, and experimental chambers respectively. Typical 
-4 operating conditions are P = 200-1000 torr, P =s 10 torr, 

PII ^ 1 0 ~ 5 t o r r * P m ~ 1 0 ~ 7 L o r r -

Partially sectioned view of graphite nozzle source. A -

water cooling lines for 0-ring cooling block; B - nozzle 

retaining plate; C - springs; D - water cooling lines for 

support block; E - copper support block; F - graphite 

sleeve; G - water cooling channel; H - copper mounting 

block; I - outer graphite tube; J - tantalum radiation 

shield; K - inner graphite tube; L - graphite retaining 

nut; M - mica insulation; N - Cajon ultratorr fitting; 

0 - copper 0-ring cooling block; P - water cooling lines 

for mounting block; Q - gas inlet line. 

Heating current paths for graphite niozzle. E - copper 

support block and current return; F - graphite sleeve; 

H - copper mounting block and current supply; 1 - outer 

graphite tube; K - inner graphite tube; L - graphite 

retaining nut. 
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Seetloned vi»-w of graphite nozzle source mounted In the 

differentially pumped chamber. A - Lucite Insulating 

feedthroughs; 3 - water cooling for mounting block, and 

current supply; C - gas inlet line; D - water cooling 

for support block, and current return; E, J - Cajon 

ultratorr fittings; F - water supply for O-ring cooling 

block; C - nylon insulating feedthroughs; H - stainless 

steel outer source chamber; I - front plate water cooling 

lines; K - stainless steel inner source chamber; L - 1200 

a/sec diffusion pump, differential region; M - 2-400 Z/sec 

diffusion pump, source region-

Peak flux velocities for chlorine" atoms (•) chlorine 

noli'ciilcs (#) and diluent gas (^) as a function of source 

temperature for three seeded gas mixtures. Solid curves 

indicate expected velocity dependence assuming an ideal 

seeded beam expansion, see text. 

Peak flux velocities for chlorine atoms (•) and chlorine 

molecules ( L ) as a function of source stagnation pressure. 

Seeded mixture was 0.98% Cl ? in He at a source temperature 

of 1470 K. 

Pe.ik flux velocities for bromine atoms (•), bromine 

molecules (#) .ind diluent gas (V) as a function of source 

temperature. The seeded mixture was 6.3% Br_ in Ar. The 

solid curve shows the expected velocity dependence assuming 

an ideal expansion, see text. 
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Br:Br2 ratio as a function of source temperature. Gas 

mixture was 6.32 Br. in Ar at a stagnation pressure of 1000 

torr. Data has been corrected for electron impact fragmen­

tation of Br ? occurring in the detector ion source. 

C1:C12 ratio as a function of source temperature. Gas 

mixture was 0.98™ Cl_ In He at a stagnation pressure of 1000 

torr. Data has been corrected for electron impact fragmen­

tation of C!„ occurring in the detector ion source. 

Nozzle source temperature as a function of input heating 

power. ( O - effective source temperature derived from 

ran- pas time-of-flight distributions, (O) nozzle tip 

temperature determined from optical pyrometry. 
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III. ENDOERGIC BIMOLECULAR REACTIONS: 
PRODUCTION OF STABLE TRIHALOGEN RADICALS 

A. Introduction 

Exchange reactions of halogen molecules, for which the net reaction 

is X ? + Y_ •* 2XY, for example F_ + I ? -*• 2IF, comprise a very interesting 

system of reactions for the chemical kineticist. It has long been 

believed that these exchange reactions proceed either via a bimolecular 

four-center mechanism, whereby two product molecules are formed 

simultaneously, or via atom-molecule reactions initiated by thermal 

decomposition of halogen molecules into atoms. 

Both of these mechanisms are expected to have high activation 

energy. The four-center mechanism is expected to have an activation 

barrier above the dissociation energy of the weaker reactant halogen 

bond, since a molecular orbit. correlation diagram given by Hoffman 

shows that the barrier should be comparable to the promotion energy 

of two electrons from bonding to anti-bonding orbitals. A more complete 

orbital correlation diagram, including TT as well as o ^icltLylar orbitals, 

predicts a somewhat lower barrier, but which still is comparable to the 

energy required to promote two electrons from bonding to anti-bonding 

orbitals. Since the atom-molecule mechanism has as its chain initiating 

step the dissociation of a halogen molecule it is also expected to have 

a large activation barrier. 

Yet experimental rate studies of systems such as I„ + Br_ and 
3 4 5-7 

CI, + Br., in both gas phase ' and inert" solvent have found a 

rather facile reaction with low activation energy. Of course in the 

gas phase surface effects and heterogeneous character of the system 



cannot be eliminated, while in "inert" solution solvent effects and 
7 8 catalysis by impurities such as water may be important. ' 

A very recent investigation of the gas phase reaction of F„ and 

I„ in which contaminants and surface effects should play a negligible 

part presents very compelling evidence for a low activation energy 

reaction. In this reaction, studied in a low pressure flow system 
9 at room temperature, Johnston and co-workers observed the IF product 

3 3 + by monitoring the chemiluminescence from the A It, and B H states of 1 o 
IF. This observation of the production of electronically excited IF 

in the room temperature reaction requires a mechanism which not only 

has a low activation energy, but which also has an IF producing step 

which is exoergic by about 65 kcal/mole, that is sufficiently exoergic 

to product IF in high vibrational levels of the B state. 

crossed beam reactions of F,} and CH,I at collision energies above 

10 kcal/mole, 

F 2 + CH 3I C H 3 I F + F' ( 1 ) 

suggests a previously unanticipated reaction between halogen molecules, 

eg-
F 2 + I 2 - I 2F + F. (2) 

If the energy threshold for reaction (2) is low, as is that of (1), 

this reaction might be an important step in the F-[1— exchange 

mechanism. Similar reactions might be important in other X«[Y 2' 2 
fxchnnRf re;irt ions. 



In addition to its possible importance in X 2 ] Y „ exchange reaction 

kinetics, reaction (2) is also interesting because It produces a 

regarding the existence of such triatomic halogen molecules. These 

molecules have often been postulated as intermediates in photochemical 
12-14 reactions. From the temperature dependence of the recombination 

rate of I atoms in the presence of I ? the stability of I- has been 

1 3
1 5 and CIF^ 

to have been identified from infrared spectra in matrix isolation 

experiments, but no triatomic halogen radical species has ever been 

detected in the gas-phase before this work.. 

To determine the energetics of the formation of trihalogen radicals 

and to investigate the dynamics of halogen molecule exchange reactions 

The results of this study considerably improve our understanding of 

these molecule-molecule reactions, establish the energetics of trihalogen 

molecule formation, and allow us to propose a mechanism for the Fyl*2 

reaction which does explain the low activation energy and chemiluminer.cence. 

B. Experimental 

The crossed molecular beam apparatus, which has been described 

in detail elsewhere, is shown schematically in Figure 1. Reactant 

beams of XI (1„, ICl.orHI) and F„ were produced by supersonic nozzle 

sources. The fluorine molecule beam was produced by the "seeding" 

technique. Mixtures of F, (1-2%) in He or He|Ne carrier gases were 
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used to vary the fluorine beam energy, and hence the collision energy. 

These fluorine mixtures were obtained commerically or made in the 

laboratory as needed for these experiments. The fluorine nozzle 

source used for these experiments was a resistance heated nickel 

nozzle quite similar in design and identical in operation to the 

graphite nozzle source described in Chapter II. The nozzle temperature 

was varied between 300 and 900 K by varying the heating power (up to 

ahout 90 amps and 5 volts AC) supplied by a low voltage-high current 

power supply. A chromel :alumel thermocouple spot-welded to th-1 nozzle 

tip provided temperature monitoring. Heating of the nozzle provided 

the "fine" control of the collision energy. There was no appreciable 

F iitom production at the higher nozzle temperatures. 

The I„ and ICl beams were also produced by the "seeding" technique, 

since the vapor pressures of these compounds are insufficient at low 

temperatures (400 K or less) to allow operation of a nozzle source. 

These beams were produced by flowing argon through a reservoir containing 

the l ? or ICl and then flowing the mixed gas to the nozzle. The reser­

voir containing the I„ or ICl was temperature controlled to ensure a 

constant partial pressure of the I 2 or ICl. For I„ the reservoir 

was heated to about 350 K, while for ICl the reservoir was maintained 

at room temperature. The argon pressure was controlled by a vacuum 

regulator to provide stable operation at pressures below one atmosphere. 

The gas feed line *:rom the nozzle to the reservoir and tht nozzle 

itself were heated (350 - 400 K) to prevent condensation cf the I or 

ICl. The HI beam was generated without the use of a carrier gat;. In 
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all cases a glass or quartz nozzle was used. Keating of the nozzle was 

provided by passing AC current through nichrome wire wrapped around 

the nozzle. The noszle temperature was monitored by a chromel:alumel 

thermocouple firmly attached to the nozzle tip. This crossed beam 

arrangement resulted in a range of collision energies from 3 to 20 

kcal/mole, with a spread in energy of ±25%. 

Molecules produced by the reaction of F„ and XI were detected 

in the plane of the reactant beams using a rotatable quadrupole mass 

spectrometer equipped with an electron bombardment ionizer. After 

mass selection by the mass spectrometer the ions produced are focused 

on an electrode held at a large negative potential (-30 kV), from 

which electrons are ejected. These ejected electrons, accelerated 

in the electric field of this electrode, strike a plastic scintillator. 

The light pulses thus produced are picked up by a photmultiplier and 

the output pulses of the photomultiplier, proportional in number to 

the product molecule number density, are recorded. In this way the 

angular distribution of the products was measured. 

Product velocity distributions at selected angles were also 
19 determined by means of a cross correlation time-of-flight technique. 

For these measurements the product molecules were modulated at the 

detector entrance aperture by a rotating wheel, the periphery of which 

consists of a pseudo-random binary sequence of open and closed slots. 

By correlating the modulating function with the observed distribution 

of flight Limes recorded by a 256 channel scaler the true distribution 

of flight times was recovered. On-line computer control and data 

reduction was used to allow immediate recovery of the time-of-flight 
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distribution of the products. Velocity distributions were obtained 

from these time-of-flight distributions by techniques described in 

Chapter V. 

Angular distribution data were obtained using counting times 

between 40 and 100 seconds for each point, ant? periodically returning 

to a reference T̂igle to provide long-term normalization. Plotted 

angular distributions represent the average of several separate scans. 

T: le-of-flight data were recorded for 15 to 45 minues depending on 

the signal level. Product angular and velocity distributions were 

measured in this way for several collision energies. In addition, 

separate experiments were carried out to accurately determine the 

energy threshold for product formation. 

C. Results and Analysis 

Any attempt to observe the trihalogen species XIF as a product of 

the endoergic reaction of F~ and XI, 

F 2 + XI - XIF + F, (3) 

will only be successful if reaction (3) is less endoergic than the 

reaction 

F 2 + XI X + IF + F, (4) 

that is, if XIF decomposition into IF and X is en^oergic; and provided 

that the four-center exchange mechanism does not dominate. The present 

investigation shows that above threshold energies of 4, 6, and 11 kcal/ 

mole respectively, collisions between F„ and XI(X = I, C-, H) do produce 
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principally XIF and F as in reaction (3). These threshold energies 

were determined from a measurement of the relative product signal as 

a function of the collision energy, the results of which are shown 

in Figure 2. As the collision energy is increased, reaction (4) 

becomes important, first for F- + I?» and later for F„ + 1C1 also, but 

not for f„ + HI at the collision energies used here. The threshold 

energy for reaction (4) can be calculated from bond dissociation 
20 energies (F2: 36.7 kcal/mole, I : 35.6 kcal/mole, IC1: 49.8 kcal/rcole, 

HI: 70.4 kcal/mole, IF: 66.4 kcal/mole) and is 6.1 kcal/mole, 20.1 

kcal/mole, and 40.7 kcal/mole for X " I, CI, and H respectively. 

The stabilities of the XIF species (X = I, CI, CH,, H) have been 

derived from the experimentally measured thresholds for the reactions: 

F„ + XI - XIF + F, and the known F„ and XI dissociation energies. 

Figure 3 gives an energy schematic for the trihalogens and pseudo-

trihalogens discussed. It is interesting to note that I-F is only 

about 3 kcal/mole more stable than I + IF. As the terminal atom (group) 

in XIF is changed through the sequence I, CI, CH,» H the trihalogen 

stability increases, reflecting the increased X-I diatomic (polyatomic) 

bond strength. 

Angular distributions of both IgF (m/e 273) and IF (m/e 146) pro­

ducts of the F„ + I„ reaction at three collision energies are shown in 

Figures 4 and 5. In each case, part of the measured IF signal resulted 

angular distributions are also shown. The correction factor was 



determined from the fragmentation ratio, Î F :IF , for I„F produced 

•it collision energies (-5 Real/mole) at which IF is not expected to 

form directly. At these collision energies, below the endoergicity of 

IF formation via reaction (4), the angular distributions of IF and 

l,r are identical, the intensity of I~F (arbitrary units) being just 

twice that of IF at every angle. Hence I ?F :IF was -2.0 for this 

detector using 200 eV ioniz.ng electrons. 

Figures 6 and 7 show corresponding angular distributions of C1IF 
35 (m/e 181, CI IF) and IF from the F„ + 1C1 reaction. Corrections to 

the IF signal for C1IF fragmentation have been made as for IjF/IF. 

As can be seen in Figure 6 the CIIF and IF angular distributions 

art' identical, vithin experimental error, for collision energies of 

J 3.3 kcal/mole and 10.3 kcal/mole. Since the formation of IF via 

reaction (4) is 20.1 kcal/mole endoergic, this reactive channel is 

not open at these lower collision energies, and the IF observed must 

be produced by ionizer fragmentation of CIIF, as the angular distri­

butions indicate. The CIIF fragmentation ratio, CIIF :IF , was thus 

1.0 under these conditions. Although the reactive channel 

F 2 + 1C1 •* CI + IF + F is energetically inacessible at all the 

nominal collision energies indicated, there are F2/IC1 collisions 

involving F̂  molecules from the high velocity tail of the supersonic 

velocity distribution (125% spread in energy) for the two higher 

collision energy experiments which are sufficiently energetic to 

produce IF. That this channel is open can be seen from the corrected 

(for CIIF fragmentation) IK distributions of Figure 7. 
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No IF distributions are shown in Figure 8 for the F„ + HI system, 

as tht! reactive channel (4) producing IF is prohibitively endoergic 

(40.7 kcal/mole). Some IF was produced by ionizer fragmentation, as 

determined from an investigation at high mass resolution, but the angular 

distributions shown were taken with leas Chan unit mass resolution and 

represent the sum of the HIF (m/e 147) and IF (m/e 146) signals. 

It is important to note that for the F_ + IC1 system there were 
37 35 

no peaks in the mass spectrum at m/e 56 (CI F) or m/e 54 (CI F). In 

addition, for F_ + HI no peak at m/e 20 (HF) was observed. This strongly 

suggests that the observed products are indeed C1IF and HIF, with the 

F Btom attached to I, not to CI or H as IC1F or IHF. For I^F and 

C11F this is in agreement with the usual pattern of nuclear arrangements 

in non-hydrogenic triatomic ABC systems, which almost always have the 

least electronegative atom of the three at the middle position of the 

molecule. For all molecules with more than twelve valence electrons this 

general conclusion follows from the fact that the charge distribution 

of the n orbitals is generally more concentrated at the terminal atoms 

than at the center of the molecule. For F„ + HI the absence of a peak 

at m/e 20 (HF) is less compelling evidence for the HIF nuclear arrange­

ment than the cirresponding absence of mass peaks at m/e 56 and m/e 54 

is for the C1IF arrangement. Since m/e 20 Is a mass with relatively 

high background due to the presence of Ar , the detector sensitivity 

to HF is correspondingly reduced. 

Knergetic considerations also support the HIF arrangement as 

the correct one. Since HF + I (135 kcal/mole) lies 39 kcal/mole 

he low the stahility of the pseudotrlhalogen product of the F + HI 
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reactlon, stable by 96 kcal/mole with respect to the separated atoms, 

one does not expect to observe the pseudotrihalogen in F„ + HI 

collisions if its structure is FHI. For such an arrangement the 

reaction would be expected to produce HF + I. One does not expect a 

significant energy barrier between FHI and HF + I, since the reaction 

CI + HI -*• HC1 + I, which must proceed through a Cl-H-I transition 

state, is a very fast reaction at thermal energies, often used as 

a pump reaction in HC1 chemical laser systems. 

From the angular distributionr shown and from time-cf-flight 

velocity analysis of the products, center-of-mass contour maps of 

product flux have been constructed. These are shown :;i Figures 

y, 10, and 11. 

These contour maps of I (6, u), the center-of-mass doubly 
cm. J 

differential reactive scattering cross section, were constructed by 

iterative deconvolution of the measured I-,AR^®» V^ cross section data, 

using a computer program described in Chapter V. This technique 

soJves the equation: 

1 u i 

iteratively for I (8, u). The summation is taken over the range c .m. 
of transformation Newton diagrams generated by the finite widths of 

the beam velocity distributions and angular spreads, and f. is the 

weighting factor for the i — Newton diagram. Quantities with a bar 

indicate beam velocity and intersection angle averaged quantities. 

For substantially endoergic reactions at collision energies not 

far in excess of the threshold, the reactive cross section is expected 
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to be quite strongly dependent on the collision energy. This la 

certainly the case for the reactions studied here. In ths case of 

F„ + I„ and F„ + IC1 .the energy dependence of the cross section for 

production of I„F or C1IF is complicated by the presence of a second 

reactive channel, that which results in IF production. In order to 

obtain a center-of-mass distribution which woule1 accurately reproduce 

the experimental data it was necessary to weight the Newton diagrams 

according to the energy dependence of the reactive cross sections. 

Hence, equation (5) becomes: 

The cross section energy dependences used in fitting all three 

systems were similar, namely a very rapid rise from threshold with 

increasing collision energy, gradually tapering off to a near plateau. 

The energy dependence was determined from experimental relative cross 

section measurements, the results of which are partially shown in 

Figure 2. For F« + I ? -> I-F + F the cross section energy dependence 

was also measured up to collision energies of about 16.0 kcal/mole. 

The reactive cross section reaches a plateau at about 12 kcal/mole 

where the relative cross section is about 100 in the arbitrary units 

of Figure 2. For F 2 + IC1 -*• C1IF + F, the cross section energy 

dependence was not measured at collision energies higher than about 

12 kcal/mole, so a continuation of the curve shown in Figure 2 was 

made, similar in form to that for F- + I,, but shifted by about 6 

kcal/mole to higher energy. For F 2 + HI the curve of Figure 2 was 
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continued to a plateau at about 15 kcal/mole. These "extrapolations" 

were chosen so as to give an accurate fit to the experimental angular 

and velocity data, i.e. I I A D ( 0 » v)» a n a" s o a s t o D e physically con­

sistent, that is to give a smoothly varying cross section energy 

dependence in good agreement with the experimental relative cross 

section data. The results of this analysis did not prove to be 

very sensitive to the exact form of the cross section energy 

dependence. The only important feature was the steep rise from 

threshold shown in Figure 2 gradually tapering off at high collision 

energy. 

This energy weighting make.* the most probable Newton diagram 

somewhat larger (-5%) than that which maximizes the quantity: 

< v l 2 + v2 2 ) 1 / 2 nl ( V n2 ( V ' < 7 ) 

the product of the relative velocity and the number densities of the 

two beams. This energy weighting also makes the most probable collision 

energies somewhat larger (-10%) than the nominal collision eneigies, 

derived from the maximum in equation (7), which are given in the 

figures. 

The experimental data and laboratory data calculated from the 

deconvoluted center-of-mass flux distributions are compared in Figures 

12 and '13. The fit to the lab angular distributions and I„F lab 

velocity distributions are quite good. Fits to the C1IF and HIF 

velocity distributions, not shown, are equally satisfactory. 

The center-of-mass contour maps show the sharply forward peaked 

nature of the XIF products. It is significant that the I ?F distribution 
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is considerably narrower in recoil velocity than that of the C1IF or 

KIF products. In part this is a consequence of the more restrictive 

kinematics of the I ?F + F system, for which the detected product is 

21 more than 14 times the mass of the other. However, it is also 

indicative of a "thermodynamic" constraint of the products to large 

recoil velocity (energy! due to the low stability (-3 kcal/mole) of 

I-F with respect to I + IF. This thermodynamic constraint allows 

formation of the trihalogen only when the excess energy channeled 

into translation of products is such that internal excitation of 

I 2F is not sufficient to dissociate it into IF and I. Thi** behavior 

is evident in the I~F lab angular distributions of Figure 4 and 5, 

which show only slight variation in going from 9,6 kcal/mole collision 

energy (-5.6 kcal/mole excess energy) to 17.0 kcal/mole collision 

energy (-13.0 kcal/mole excess energy). Mo such constraint exists, 

at the • ollision energies studied, for either C1IF, stable by 15 kcal/ 

mole with respect to CI + IF, or HIF, stable by 30 kcal/mole with 

respect to H + IF, and this ic reflected in both the center-of-mass 

contour maps and lab angular distributions. 

The thermodynamic constraint of the IjF/F recoil energy distribution 

is even more clearly evident in Figure 14, which gives the intensity, 

P(E ' ) , versus recoil energy, E ' i.e. Z I (8, E ') for the T 1 Q c.m. 1 
systems studied. Here I (6, E*) * I (6, u)/u. The IJF/F c .m. T c m . £. 

distribution is much more sharply peaked than that for C1IF/F or HIF/F 

and peaks dt an energy which represents a much larger fraction of the 

available energy than the C1IF/F distribution- The average product 



translational energy, 

Z P(E ')-E ' 
E ' 

E-r = T 
T E P(E ') 

V 
is -30% of the total available energy for C1IF production, while for the 

1„F + F products more than 50% (5.1 kcal/mole) of the available energy 

appears in translation. For HIF production the average energy in trans­

lation is again high, 2.8 kcal/mole, -47%. Any such comparison of product 

translational energies must of course recognize the rather substantial 

change in the reaction kinematics in changing the F atom abstracting 

F 2 + I 2 and F 2 

would seem to be similar enough kinematically to allow one to attribute 

the recoil energy distribution differences to the operation of this 

thermodynamic constraint. 

It is clear that the increased sharpness of the I„F lab angular 

distributions relative to those for C1IF and HIF is due to the sharpness 

in recoil velocity (energy) and not in recoil angle. This can be seen 

in Figure 15, which shows the center-of-mass angular distributions, where 
7 

1(0) = c , I (0, E _ ? ) . The I„F distribution is actually broader E_ cm. T I 

(-30° HWHM) than either the HIF or C1IF distributions (-15° HWHM). It 

is not jlear whether the relative broadness of the I„F distribution is 

dynamically significant or merely a consequence of the more unfavorable 

kinematics of the I„F/F system which makes ratio method deconvolution 

of the center-of-mass distribution more difficult. 



D. Discussion 

The angular distributions of XIF and IF clearly indicate that the 

production of the trihalogen radical molecules XIF and the diatomic IF 

proceeds by reaction (3) and reaction (4), and not a reaction of XI 

dimer with F„. If the XIF and IF observed were merely the result 

of fragmentation in the detector ionizer of some XIFF species produced 

by an (XI), + F 2 -*• XIFF + XI reaction, or a reaction proceeding through 
22 a six-center collision complex as has been claimed for (CI,)? + B r 2 * 

the XIF and IF products should have identical angular distributions 

at all energies and the same energy' threshold behavior. As can be seen 

in Figures 4 and 5 the I„F and IF products of the F„ + I« reaction have 

distinctly different angular distributions with different collision 

energy dependences. Although no angular distribution is shown for 

F, + 1„ in which only I-F is produced, such angular distributions have 

been recorded at energies slightly in excess of the threshold for 

F + I. -*- I 2F + F yet below the threshold (6.1 kcal/mole) for IF 

production via F„ + I •* I + IF + F. 

Although the energetics are somewhat different, the F„/IC1 system 

shows the same behavior. The threshold for F„ + IC1 •* CI + IF + F Is 

20.1 kcal/mole, much higher than the analogous F, + I ? threshold. If 

C1IF and IF production takes place via reactions (3) and (4), the IF 

and C1IF distributions should be identical until the collision energy 

is greater than 20.1 kcal/mole. Below this energy any IF observed 

would be due to fragmentation of C1IF in the detector ionizer. The 

C1IF and IF angular distribution data of Figures 6-8 bear this ouf. 

At collision energies of 10.3 kcal/mole and 13.3 kcal/mole the C1IF 
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and IF distributions are identical within the statistical uncertainty. 

At the higher collision energies the C1JF and IF angular distributions 

differ markedly, indicative of the now energetically accessible 

F- + ICl •* CI + IF + F reaction. As pointed out earlier, although 

this reactive channel is still inaccessible at the nominal collision 

energies indicated, there are F„/IC1 collisions involving F_ molecules 

from the high velocity tail of the supersunic beam velocity distribution 

(±25% spread in energy) which are sufficiently energetic to produce 

IF in this way. The behavior of both the F^/l, and ICl systems are 

thus consistent with the operation of reactions (3) and (4). 

Our results also indicate that these reactions do not proceed via 

a highly exoergic four-center exchange mechanism, F_ + XI -> XF + IF. 

As has already been noted, for F„ + ICl and F. + HI no C1F or HF products 

were detected. For F- + I 9 the four-center mechanism produces only IF, 

but tlsis reaction is exoergic by more than 60 kcal/mole. If even a 

relatively small fraction of this energy appeared as product translation, 

the IF angular distributions would be much broader. For the angular 

distributions at 9.9 kcal/mole and 12.9 kcal/mole collision energies 

the maximum IF translational energies are only about 1 kcal/mole and 

3 kcal/mole respectively, a very small fraction of the total available 

energies for the four-center mechanism, 70 kcal/mole and 73 kcal/mole 

respectively. Moreover, the IF angular distributions change quite 

a lot when the collision energy is raised from 9.9 kcal/mole to 17.0 

kcal/mole, becoming much broader, clearly indicative of increased 

translational recoil energy. Such changes are .lot likely if the four-
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center reaction is operative, as the total available energy increases 

only from 70 kcal/mole to 77 kcal/mole as the collison energy changes 

from 9.9 kcal/mole to 17.7 kcal/mole. This behavior is however con­

sistent with the operation of the endoergic (6.1 kcal/mole) F„ + I„ •* 

I + IF + F reaction, for which the total available energy increases from 

only 4 kcal/mole to 11 kcal/mole when the collision energy increases 

from 9.9 kcal/mole to 17.0 kcal/mole. 

We have attempted to extend these studies of trihalogen energetics 

to systems not involving an XI-F bond. Crossing beams of Cl„ and either 

ICl or IBr we attempted to observe the trihalogen species C1IC1 and 

ClIBr. However, even at collison energies greater than 4C kcal/mole 

for Cl„ + ICl and greater than 43 kcal/mole for Cl„ + IBr no trihalogen 

product could be detected. It may be that the cross sections for the 

Cl„ + IBr and Cl„ + ICl reactions are much smaller than those for the 

corresponding fluorine reactions, so much smaller that the amount of 

trihalogen produced is undetectable. It is more likely, however, that 

our failure to observe reaction in these systems Is just a consequence 

of a much lower trihalogen stability for XIC1 species than for the 

corresponding XIF species and consequent higher threshold energy. The 

threshold energy for the Y 2 + XI •* XIY + Y reaction is of course 

determined by the stability of XIY relative to Y„. Since the Cl 2 

dissociation energy (-58 kcal/mole) Is about 20 kcal/mole higher than 

the F 2 dissociation energy, the CI- + XI reactions are expected to have 

a higher threshold energy. However, the fact that the CI- + ICl •* 

C11C1 + CI reaction does not appear to proceed even at a collision 

energy as high as 40 kcal/mole implies that C1IC1 must be at least 
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14 kcal/molc less stable, with respect to the separated atoms, than 

clIF, which has a threshold of 6 kcal/mole. 

The negative results of the CI- + IC1 and Cl_ + IBr ex-eriments 

at collision energies of 40 and 43 kcal/irioie respectively, yield upper 

limits to the stabilities, with respect to the separated atoms, of 

C1IC1 and ClIBr, 67 kcal/mole and 57 keel/mole respectively. Since 

CI + IC1 is stable by 50 kcal/mole relative to the separated atoms, as 

is of course Br + IC1, it is possible that C1IC1 and ClIBr are stable 

with respect to CI + IC1 and Br + IC1. Even if this is the case, the 

thresholds for C1IC1 and ClIBr formation >-culd be so high that these 

species we'd probably not be important in Cl„/IBr or C12/IC1 exchange 

reactions at thermal energies. 

These results present further evidence that the XIF and TF products 

observed In this study are not products of ionizer fragmentation of the 

XIFF product of the dimer reaction, F„ + (XI) 2 -* XIFF + XI. Since this 

reaction involves the breaking of only van der Waals "bonds", the 

Cl~ + (XI)_ reactionp should .'Iso proceed with low thresholds, contrary 

to the results presented here. 

The very sharply forwaid peaked XIF disti ..utions shown in the 

contour maps of Figures 10-12 for all threa F„ + XI systems would seem 

to indicate a preference for a bent geometry for F atom abstraction by 

XI, tnat is a preference for an F-F-I angle or F-I-X angle of less than 

180° in * -f-I-X. When X=H the uass of X is negligible in comparison 

with I, and the F-I-X angle will not be an important determinant of the 

product angular distribution. The foward peaking of KIF is thus a 
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consequence of the bent F-F-I angle. Of course high energy collisions 

tend to favor forward peaking, and it is important to note that the IF 

produced in the I + F~ reaction, kineraatically identical to the HI + F„ 
23 

system, is backward peaked at thermal energies, indicating that the 

bending angle of F-F-I must not be very large. The forward scattering 

of HIF observed in this work, in contrast to the backward peaking of 

IF from I + F„, can be attributed to the difference in collision energy 

rather than to a larger bending angle for F-F-IH compared to F-F-I. 

For X = I or CI the mass of X is no longer negligible in comparison 

with I and both the F-F-I and F-I-X angles will be important. For the 

F + I- and F + IC1 systems backward scattering of XIF at the higher 

collision energies is only possible if all four atoms are aligned 

collinearly in the critical configuration. The observed forward 

peaking of XIF clearly argues against such a geometry, favoring bending 

of one or both of F-F-I and F-I-X. 

It must be noted that the C1IF angular distributions of Figures 

6 and 7 appear to be backward peaked, i.e. peaked to the fluorine beam 

side of the center-of-mass angle. However, this center-of-mass angle 

is the correct cm. angle for the Newton diagram which maximizes 

equation (7). As has been discussed above, the necessary energy 

weighting of the Newton diagrams will make the most probable Newton 

diagram somewhat larger (i.e. larger relative velocity) than that 

which maximizes equation (7). This larger Newton diagram will have 

a smaller cm. angle, by 5° or so for F- + IC1. This energy weighting 

will also emphasize all of the larger Newton diagrams which occur in 

equation (6). As. a result, although these angular distributions appear 
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distintctly backward peaked, when properly deconvoluted they will 

appear much less backward peaked or even forward peaked in the physically 

significant cm. coordinate system. This effect can be clearly seen by 

comparing the ClIF lab angular distribution (Figure 8) at a collision 

energy of 17.4 kcal/mole, which appears to be cnly mildly forward 

peaked, with the deconvoluted cm. contour map of this system at this 

energy (Figure 11), which is very sharply forward peaked. At lower 

collision energies where the cross section is more strongly dependent 

on the collision energy, such differences in lab angular distributions 

and cm. contour maps will be even more pronounced. 
24 Simple molecular orbital considerations lead one to expect the 

F-F-I and F-I-X angles in FFIX to be quite similar, so it is likely that 

both F-F-I and F-I-X are slightly bent. There are however no ABC 

molecules with 21 valence electrons, likeXIF, whose molecular geometry 

is exactly known, so it is difficult to precisely predict a preference 

for a particular F-F-I or F-I-X angle, nor can an unambiguous answer be 

determined from a simple M.O picture. Although Cl» is b^i^ved to be 

linear, GIF., is thought to have a bond angle -145°. ' All known 

triatomic molecules with 20 valence electrons are bent (-100° bond 

angle), and those with 22 electrons are linear. It is thus not 

Inconsistent to expect a slightly bent F-F-I and F-I-X geometry in 

? + XI reactions. 

The potentially important role played by stable radicals in pro­

moting bimolocular chemical reactions such as F ? + XI had not been 

suspected previously. The fact that a fluorine atom, which jan initiate 



a chain reaction in Fj/XI mixtures, can be generated in a collision 

between F_ and XI through reaction (3) at a relative kinetic energy as 

low as 4 kcal/raole (for F_ + I„) is intriguing. This is especially so 

considering that 37 kcal/mole is necessary to dissociate F~ and at 

least 36 kcal/mole to dissociate XI. 

The threshold energy of reaction (4), which also produces an F 

atom, as well as an X atom, is 6.1 kcal/mole, 20.1 kcal/mole, and 40.7 

kcal/roole for X = I, CI, and H respectively. For the F- + I, and 

F_ + IC1 systems these energies are also smaller than the F„ or XI 

bond dissoc tion energies. Even if XIF production by reaction (3) 

is not impc mt, reaction (4) could be a significant source of F and 

X atoms in F-/XI mixtures. 

The results presented here have an important bearing on the inter-
9 

pretation of the results of the recent study by Johnston and co-workers 

of the gas phase kinetics of the F 2/I 2 system. Johnston and co-workers 

were not able to establish a mechanism for this reaction which would 

have a low activation energy, and at the same time a very exoergic IF 

producing step to account for the observed chemiluminescence. Shown 

below are some of the possible IF producing steps: 
F + j ^ 2 I F ( 3 ) 

IF + I (9) 

IF + F (10) 

I + F + M IF + M (11) 

I + IF_ - 2IF (12) 



-63-

F + 1,F - 2IF (13) 

Reaction (8), the four-center exchange reaction, should have a 

high activation energy and was not observed in our study even at collision 

energies of almost 20 kcal/mole. It is thu.i not likely to be the IF 

producing step even though it is sufficiently exoergic to yield 

electronically excited IF. Reactions (9) and (10) are not sufficiently 

exoergic (-30 kcal/ruole) to produce IF in either the A or B states. 

Reaction (11), the atom recombination reaction, where H is some third 

body, was dismissed by Johnston because the observed kinetics could 

only be reproduced by makfr.g physically unreasonable assumptions about 

the 1 and F termination reactions. While reaction (12) would probably 

be quite exoerjuc, IF is rot expected to he stable, and was not observed 

in our work. A crossed beam study** of the I + F, •* IF + F reaction 

showed that the IF product was backward peaked. Indicating that the 

1 - F_ interaction is not attractive. 

Tills leaves reaction (13) which is about 64 kcal'mole exoergic.. 

It has as reactanta species which are produced at thermal energies 

(A kcal/mcle or greater) by reaction (3). Hence it agrees well with 

the observation of IF* production at room temperature, ihe mechanism 

for the exchange reaction producing electronically excited IF, assuming 

reaction (13) is the IF* producing step, would be: 

F 2 + 1, i I 2F + F 

F + 12F = IF + IF* 
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"3 
IF* IF + hv 

IF* + M - - IF + H. 

Making a standard steady-state approximation for [I-F]v the concentration 

or" IjF. yields 

k,/k,[F,][I,] 

Not included in the above mechanism are the fast atom-molecule exchange 

reactions: 

F + i . IF + I, 

I + F 2 - IF + F. 

which are just the chain propagating steps of the atom-molecule exchange 

mechanism. Th<.*e two reactions will have no effect on the form of the 

expression for [IF*] derived above, but they will of course be the 

pincipal reactions producing ground state IF. Although the dependence 

of the chemiluminesce'i'-t* on the concentration of F_, I_, and M was 

measured only over a limited range of concentration by Johnston and 

co-workers, the expression above is consistent with the concentration 

dependence that was measured. 
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FIGURE CAPTIONS 

Fig. 1. Schematic diagram of the crossed molecular beam apparatus 

used in the study of F- + XI reactions. 

Fig. 2. Energy dependence of the relative total cross sections for 

the reactions: CO) F 2 + I 2; (•) F 2 + IC1; (A) F 2 + HI. 

Fig. 3. Schematic energy diagram showing the stabilities of the 

XIF, X = I, CI, CH_, and H, trihalogens and pseudo-trihalogens. 

All energies are in kcal/mole with respect to the separated 

atoms shown at the top. 

Fig. 4. • Experimental laboratory angular distribution of IF 

produced in the reaction F„ + I„ at collision energies 

of 12.9 and 9.7 kcal/mole; ̂ experimental laboratory angular 

dijtribution of I 2F produced in the same reaction: O IF 

angular distribution corrected for I„F /IF fragmentation, 

see text. 

Fig. 5. # Experimental laboratory angular distribution of IF 

produced in the reaction F- + I, at a collision energy of 

17.0 kcal/mole; ^ experimental laboratory angular distribution 

of I„F produced in the same reaction; O IF angular distri­

bution corrected for I„F /IF fragmentation, see text. 

Fig. 6. # Experimental laboratory angular distribution of IF 

produced in the reaction F 2 + IC1 at collision energies 

of 10.3 and 13.3 kcal/mole; ̂ experimental laboratory 

angular distribution of C1IF produced in the same reaction; 

O IF angular distribution corrected for ClIF /IF 

fragmentation* see text. 
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Fig. 7. # Experimental laboratory angular distribution of IF produced 

in the reaction F„ + 1C1 at collision energies of 17.4 and 

16.1 kcal/raole; <Q>experimental laboratory angular distribution 

of ClIF produced In the same reaction; O IF angular distri­

bution corrected for C1IF /IF fragmentation, see text. 

Fig. 8. # Experimental laboratory angular distribution of HIF produced 

in the reaction F, + HI at collision energies of 16.1 and 

14.9 kc&l/mole. 

Fig. 9. Contour map of I„F flux density in the center-of-tnass 

coordinate system produced in the reaction F„ + L at a 

collision energy of 12.9 kcal/mole. These contours were 

obtained by fitting the experimental laboratory angular and 

velocity distributions. 

Fig. 10. Contour map of C1IF flux density in the center-of-mass 

coordinate system produced in the reaction F„ + IC1 at a 

collision energy of 17.4 kcal/mole. These contours were 

obtained by fitting the experimental laboratory angular and 

velocity distributions. 

Fig. 11. Contour map of HIF flux density in:che center-of-mass 

coordinate system produced in the reaction F„ + HI at a 

collision energy of 16.1 kcal/mole. These contours were 

obtained by fitting the experimental laboratory angular and 

velocity distributions. 

Fig. 12. O Experimental laboratory angular distributions of I„F, 

C1IF and HIF produced from the reactions F, + I ?, IC1 and HI 
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at collision energies of 12.9, 17.A and 16.1 kcal/mole, 

respectively; — best fit laboratory angular distributions 

calculated by transforming I (6, u) (figures 8-10) to 

the laboratory frame using a full range of Newton diagrams, 

and then summing oven laboratory velocities. 

13. D Experimental laboratory velocity distribution of I 2F 

produced tn the reaction F„ + L at a collision energy of 

12.9 kcal/mole at four laboratory angles; — laboratory 

velocity distribution derived from the center-of-mass 

product distribution shown in figure 8. 

:ibi 

collision energies of 12.9, 17.it and 16.1 kcal/mole, 

respectively, obtained by angle averaging I (6, £-,*). 
c .m. i 

Vertical dashed line represents the approximate kinematic 

recoil energy limit. 

O Center-of-raass angular distributions of I ?F t C1IF and 

HIF produced in the reactions F, + I„, IC1 and HI at 

collision energies of 12.9, 17.6 and 16.1 kcal/mole, 

respectively, obtained by averaging I (6, E') over 

recoil energy, for center-of-mass angles 6 ̂  180; Q 

corresponding center-of-tnass angular distributions for 

center-of-mass angles 0 ^180, plotted for 2n - 6; — 

smoothed center-of-mass angular distribution representing 

the smoothed average of each set of points. 
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IV. THE CI + Br- -* BrCl + Br REACTION 

A. Introduction 

The atom-molecule exchange reactions of halogens are a considerably 

less complicated class of reactions than the molecule-molecule exchange 

reactions we have investigated. In the reaction, X + Y~, only one reac­

tive channel is possible, exchange to produce XY and Y. Despite the 

relative simplicity of these reactions, their dynamics are not well 

understood. 

Reactions like 

CI + Br 2 * BrCl + Br 

Br + I„ * IBr + 1 

jnd the slightly more complicated 

CI + IBr •* IC1 + Br 

CI + BrI - BrCl + I 

Br + ICl - IBr + Cl 

Br + C1I •+ BrCl + I 

have been studied in crossed molecular beam experiments by three different 
1-A groups. However, these early studies always employed molecular 

effusion sources to produce both the molecule and atom beams, with an 

attendant large spread In initial collision energy, and in most cases 

no velocity distribution data on the products was obtained. The con­

clusions that have been drawn, Invoking possible complex formation, 

attractive potential energy surfaces with possible energy wells, and 

relatively small total cross sections, have as a result been mostly 
2 tentative. In the single case in which velocity analysis was made, 
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the center-of-mass product distribution could not be very accurately 

recovered. A classical trajectory study of Br + I„, CI + I_» and 

CI +• Br. using empirical surfaces having energy minima 0-10 kcal/deep 

with adjustable shapes and positions has been carried cut by Borne 

and Bunker in an attempt to explain the dynamics of these reactions. 

However, these authors found that no reasonable potential well for 

collinear reactant approach could explain the observed scattering. 

A more complete crossed molecular beam study of one or more of 

these reactions with better defined initial conditions and product 

velocity analysis to allow complete unfolding of the center-of-mass 

distribution was obviously warranted. Investigation of th-se reactions 

at several collision energies in order to more completely probe the 

features of the X + Y ? potential energy surface was also needed. For 

these reasons, we began a study of the CI + Br, •*• BrCl + Br reaction 

using crossed beams of CI and Br ? produced from supersonic nozzles, to 

allow us to study the reaction as a function of collision energy under 

well-defined initial conditions. 

B. Experimental 

The crossed molecular beam apparatus used in studying this reaction 

is the same as that shown in Fig. 1 of Chapter III. Both the bromine 

molecule and chlorine atom beams were produced by supersonic nozzle 

sources. The same type glass nozzle source used to produce the I„, 

TCI, and HI for the experiments of Chapter III was used here to generate 
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a bromine beam. The bromine was contained in a glass bulb immersed 

in a temperature regulated bath, held at 300 K. The glass gas feed 

line from the bulb to the noz2le and the nozzle itself were heated 

to prevent condensation of the bromine. This heating was provided by 

passing AC current through a heating "tape" wrapped around the feed 

line and nozzle. The nozzle temperature was monitored by a chromel: 

alumel thermocouple firmly attached to the nozzle tip. The nozzle 

temperature was maintained at about 360 K. 

The chlorine atom beam was produced by the graphite nozzle source 

described in Chapter II. Mixtures of 10% Cl„ in argon, 5% Cl„ in 

helium, and \7. Cl ? in helium were used as seeded gas mixtures for 

these experiments. These chlorine mixtures were obtained commerically. 

For these experiments the nozzle was operated with a nozzle tip 

temperature of about 1900 K, which gives an effective source temperature 

of about 1450 K (Cf. Fig. 11 of Chapter II). This gave collision 

energies of 6.8, 14.7, and 17.7 kcal/mole for the three gas mixtures 

used, with a spread in energy of +35%. 

Angular distribution measurements were made as for the F-/XI 

reactions in Chapter 111, These data were obtained using counting 

times of 60 to 120 seconds for each point, periodically returning to 

a reference angle to provide long-term normalization. Plotted angular 

distributions represent the average of several separate scans. 

Product velocity distributions at selected angles were determined 

using a simple time-of-flight technique. These spectra of product 

intensity as a function of flight tine were recorded using a 40 channel 
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multiscaler which had adjustable channel time width and delay time. 

For these measurements the BrCl product was modulated at the detector 

entrance aperture by a rotating, 17.8 cm diameter aluminum wheel with 

four slots of .30 cm width cut out at equally spaced points along the 

periphery. The wheel was rotated at a frequency of about 400 Hz. This 

gave a shutter function FWHM of about 13 usee, about 7% time (velocity) 

resolution. Time-of-flight data were recorded for 60 to 180 minutes 

depending on the signal level. 

C Results 

The angular distributions of the BrCl product at three different 

collision energies are shown in Figure 1. At all three collision 

energies the interhalogen product is quite strongly forward peaked, 

i.e., peaked toward the initial CI atom velocity. As the collision 

energy is raised the product peaks wore sharply in the forward direction. 

At the lowest collision energy some BrCl product does appear in the back­

ward direction while at the higher collision energ'»s the ClBr product 

is almost exclusively forward peaked. 

From the angular distributions shown and from time-of-flight 

velocity analysis of the products, center-of-mass contour maps of 

product flux have been corstructed. These are shown in Figs, 2, 3, 

and 4. These contour maps of I (6, u). the center of mass doubly 
r cm. " J 

diffcrntial reactive scattering cross section, t-ere constructed by 

iterative deconvolution of (he measured I f _(0, v) cross section data, 
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using computer program RECON described in Chapter V. i'he deconvolution 

procedure was identical to that used for recovering the center-of-mass 

distribution for the XIF products of the F,, + XI reactions. However, 

since the CI + Br„ reaction does not appear to have a reaction energy 
2 3 barrier, ' no energy weighting of the reactive cross section was used 

in recovering I (0, u) . c .m. 
The experimental data and laboratory data calculated from the 

deconvoluted center-of-raass flux distributions are compared in Pigs, 

5 and 6. The fit to the lab angular distributions and the velocity 

distributions at E _.. = 14.7 kcal/mole are quite good. The fit to 

the velocity distributions at £„_. = 6.8 kcal/moie are slightly 

better, while the fit to the velocity distributions at the highest 

collision energy is about the sane as that at the intermediate collision 

energy shown. 

The contour maps of Figs. 2. 3, and 4 show quite clearly that the 

BrCl product does peak almost exclusively in t ie forward hemisphere, 

oven at the lowest collision energy. The BrCl which appears in the 

backward hemisphere in the lab angular distribution at a collision 

energy of f>. 8 kcal/molt: is mostly due to smearing of the lab angular 

distribution due to the range of Newton diagrams which effect the 

center-of-mass to lab transformation. 

The contour maps show that tue cm. angular sprf>_.d of the BrCl 

product does not change very much even when the collision energy 

increases from 6,8 kcal/mole to 17.7 kcal/mole. However, as the 

collision energy is increased the spread of the BrCl product in recoil 



velocity decreases quite sharply. It is this decrease in range of 

recoil velocity that gives rise to the increased sharpness of tin-

product lab angular distributions as the collision energy increases. 

The change in the form of the recoil energy distribution in shown 

in detail in Figure 7. This figure gives plots of the relative 

intensity, P i'ET'/E n ) , as a function of the fraction of tin* tot.ii 

available energy, EL-AT* which appears in translational energy nf tin.-

products, E T'. P(f) - P<E. rVE T 0 T' - I i c m.(0, E T') - I l c m ( e , „>/„. 
where I (6, u) is che center-of-roass flux distribut'on as shown c .in. 

in Figs. 2, 3, or 4. These distributions show that when averaged ovi-r 

recoil angle, the recoil energy distributions do not peak at energies 

which are very different. In all cases the distributions peak at 

approximately 16 - .18, i.e., \k"A - 18% of the total available energy. 

However, these recoil energy distributions do show a dramatic change 

as the collision energy is increased. At the lowest collision en.'n;y 

trhe recoil energy distribution is quite broad, extending to the n>r.•'..>! 

kinematic limit, E * / E » 1. As the collision energy is inrren.-.fA i ;n-

recoil energy distribution becomes sharper, and the amount of prn-.Vi. t 

which appears with a large amount of translational energy decrensf.-^ 

dramatically. 

The fact that the recoil energy distribution for the lowest m i l is ion 

energy does not approach 0 at E_'/£-.__ = 1 is a consequence of the fmnerf.rt 

deconvolution of the laboratory data. This means that the dintr? buMs'n 

probably decreases more sharply as £ -+ 1.0. For the higher collision 

energies the data are not plotted to f = 1.0, since the data are not 
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as accurate at high values of f. Clearly, however, there is negligible 

probability of having translational recoil energies of greater than 

about 60% il' the total available energy. 

The average product translational energy, 

I P(E *)-E ' 
— . fi 

V 
is, however, a considerably larger fraction of the total energy, -38!5, 

for the lowest collision energy, than for the higher collision energies, 

-22*. This is of course due to the much greater range of recoil energies 

for the lowest collision energy than for the higher energies, even though 

the peak recoil energy is about the same fraction of the total energy 

for each case. 

It is clear that the increased sharpness of the BrCl lab angular 

distributions az higher energy is a consequence of the narrower recoil 

cnerg;1 (velocity) distributions at higher energies, and not an increas­

ingly sharp center-of-mass angular distribution. As can be seen in 

Figure 8 the center-of-wass angular distributions, 1(9) *_, , I (6, 
£_. c m . 

F ' ) . arc nearly identical at all tnree collision energies. 

We have also made an attempt to determine the total reactive cross 

section, a , for the CI + Br ? reaction at these, collision energies. 

This was done by comparing the integrated intensity of reactive 

scattering to the observed Intensity of small angle elastic scattering 

of chlorine atoms from bortaine, \*hich was normalized to the theoretical 

small angle elastic scattering intensity from theoretical van der WasIs 

force constants. 



The total cross section, in arbitrary units, is given by: 

(0, u) sinS d& du. 

Newton diagram was taken as the one which maximizes the quantity 
2 2 (v. + v„ )*f (v.) *f (v2)-f (>), where f(v,), ftv„) are the veloc-Itv 

distribution functions of the two reactant beams and f(>) is the 

intersection angle distribution. This total cross section is rclaied 

to the "true" total cross section by two constants, C. and C 7; 

C. gives the ratio of detection efficiency for chlorine atoms (m • 3i) 

to detection efficiency for BrCl (m • 116). C_ gives the ratio of the 

theoretical small angle chlorine atom elastic scattering intensitv in 

absolute units to the observed elastic scattering in arbitrary l.il'or.itt>rv 

units. 

The theoretical small angle elastic scattering Intensity is 

given by: 

l c i(0) - — Z . ,239 ( C 6 / E ) 1 / 3 e" 7 / 3, 

where the first factor is the cm. to lab transformation Jacobian, 

v and u are the lab and center of mass chlorine velocities, and & is 

the angle between the u and v vectors. C, is the van der Waais con­

stant ~.nd K is the moat probable ("canonical") collision energy. Cft 

was estimated to be 290 x 10 erg cm using the combination rule 



o a aa a b bb 

for C,, and the Slater-Ktrkwood approximation 6* 

C u - 12.6 x l O - 6 0 ers-cm6
 a j

2 < S 1 / « l ) I / Z 

A , of CI and Br.,, and H , N. arc the number of electrons in the outer 

°3 »3 izahi'.itlcs, ".2 A and 6.4 A respectively, were approximated from 

the values8 for HX and ll2 by a(X) - «{HX> - l/2a(«2) and a(X, - 2ci(X). 

Tiie result of this calculation at collision energies of A.fl 
• 2 •*> 

ki-.il/tnoU- and 14.7 kcal/molc gives o R • 11 A and o • 14 A" respectively. 

These numbers -ire probably amy perorate to within a factor of three due 

io uncertainties attendant to the calculation of the total cross section 

in this manner. 

D. Discussion 

The face that the center of nas« angular distributions of the BrCl 

product arc essentially identical and peaking sharply forward at 

c-u-llision energies of 6.8 kcal/mole, 14.7 kcal/molc, and 17.7 kcal/nole 

seems to indicate that the CI + Br, interaction Is an attractive one* 

without any appreciable activation energy or barrier. The lack of an 

energy barrier is also indicated by the fact that the total reactive 

cross section docs not seem to be strongly dependent on the collision 

http://ki-.il/tnoU-
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• 2 energy. The total cross section at 14.7 kcal/mole (5-42 A ) is nearly 

lite same as that at 6.8 kcol/ntole (4-33 A ). If the reaction had an 

appreciable barrier, a few kcal/mole, the total reactive cross section 

should increase rather sharply as the collision energy increase-; from 

6.8 kcal/roole to 14.7 kcal'mole, behavior similar to that observed 

for the F- * X I reactions. The magnitude of the total cross section 

determined here is not much different from that measured previously for 

the CI + Br., reaction at even lower collision energy, -3,0 kcal/mole. 

Here the cross section was estimated to be about I A to 20 A . 

Thus, although '.he forward peaking of the ClBr product indicates 

that the dominant interaction between the reactants is attractivc, tin-

estimated total reactive cross sections arc much smaller than hard 

sphere values. This might indicate thai although the Interaction is 

attractive it is short range in nature. Or it might mean that reaction 

may take place for a wide range of impact parameters, but with low 

probability. Such a situation coi»ld arise if the reaction demonstrated 

a stereochemical constraint, i.e. a strong preference for a particular 

Cl-Br-Br geometry. As discussed in reference to the F-/XI reactions, 

tlte trlhalogcns may have a bent geometry. Thus the forward peaking and 

small cross sections may be due to a preicteric? for a bent Cl-Br-Br 

geometry. 

Although che center-of-mass angular distributions end reaction cross 

sections seem to show little or nc variation as the collision energy 

is increased, the recoil energy distributions at the three collision 

energies studied show dramatic differences. These differences are 
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indicative of a change in the dynamics of the reaction as the collision 

energy increases. 

The- sharp recoil energy distribution at the highest collision 

energy, peaking a a small fraction (14£) of the total available energy* 

svi-ms t̂ i indicate that the reaction is approaching the spectator 

stripping model. This highly simplified model assumes that the 

unr«MCii^K Br atom in Br, acts as a fully disinterested spectator of 

I he re.K'Mmi. Vhen the Internal energy of Br, Is ignored, or is 

insignificant, as is thu case when the Br, beam Is produced by supcr-

MiuU expansion* the spectator stripping model predicts all products 

t*> IK- scat tefed i-xactlv forward in the c m . system. This model also 

tziv.-s -t iininni- recoil translations! energy £_', which is simply related 

by a ^.tss f.i.tor to the collision energy V. 

"T 

COLL' 

1 V,0RrCI C 0 L l C 0 L l " 

kcal /nol «i, or 11'. of the total 

'"COLL 
; i .il,'m«<li- ;K-.IV.S at lil' o!' tin- total available energy, it is quite 

i'..irrt>w, and is much closer to the spectator stripping limit than Che 

recoil enerf-.v distributions at lower collision energy. 

For I' r c ) i r * I 4 - 7 keal/moje the recoil energy distribution is less 

• -b.tvj' than .it tin- highest collision energy* and peaks at 182 of C T n T i 

while ih- spectator stripping modrl predicts a peak at 11X. Even so, 

this recoil energy distribution at 14.7 kcal/moK* collision energy 

rutrv closely resembles that at 17.7 kcal/rtoie collision energy than 
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that at 6.8 kcal/molc collinion energy, as might be expected from the 

relative magnitudes of the collision energies. The recoil energy 

distribution at the intermediate energy represents a transition from 

the clearly nonstripping behavior at the lowest collision energy to 

the nearly stripping limit behavior at the highest collision energy. 

The spectator stripping model assumes an impulsive collision in 

which CI and a Br combine with negligible momentum transfer to Che 

nonreacting Br acorn of Br.. The recoil energy distribution at che 

lowest collision energy clearly indicates substantial momentum 

transfer. This recoil energy distribution is quite stellar to the 
9 recoil energy distribution obtained by LeBreton at a mean collision 

energy of 5 kcal/^ole. 

Although the data obtained by LeBreton were never fully analyzed, 

it appears that an osculating complex model, assuming a complex life­

time of approximately one rotational period* and randomization of the 

total available energy into all accessible modes of the reaction inter-

mzdlate, will fairly accurately reproduce his observed rvr^il energy 

and cm. angular distributions. However, such an osculating complex 

model will probably not be able to give the sharply forward peaked 

distribution for BrCl observed in our work. It seems possible that the 

agreement between this osculating complex model and the measured data 

achieved in the tarlier work might arise from ti.e fact t'̂ t the data were 

raken using effusive beams of chlorine and bromine and no deconvolution 

of the data to correct for the very large spread in Initial conditions 

was performed. Our results would seem to Indicate that if the CI + Br, 
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[loiL-ntial surfnff possesses an energy well, corresponding to a stable 

i:l-Ur-Nr complex, it must not he nore than a few kc a I/mole deep. 

The results do however quite conclusively show that the CI + Br, 

potential surface is an attractive one, giving forward peaking and a 

l.trtti' fraction of the available energy in internal degrees of freedom, 

as f-X[»t'Cted for an exoergic reaction on an attractive surface with 

t-.tr ly energy release. The reaction dynamics will probably not be 

.-iiii.-qu.itely cxplatm-d by either a simple spectator stripping model or 

.1 simple osculating complex model, but it seems clear that as the 

• nMi:.i^n energy in increased the reaction changes from a three body 

in nore like j two body process. 

It is also i-li-ar frorr the recoil energy distributions shown in 

li>:uri- 7 that tin* rc-ac-io.i channels reagent translat ional energy into 

prolinet internal energy with very high efficiency. At E C 0 L L " 6.8 

ki^l/muU- the average internal energy is about 7.9 kcal/mole, while 

at i-oiHsion energies of 14.7 kcal/mole ,-?nd 17.7 keel/mole this value 

iiirn-jscs to 16.2 kcal/mole and 18.4 kcal/tw»le. Thus one expects 

ih.it tlu- brf'i product will be highly vibrattonally and rotationally 

-x. i u<i. 

It Is possible that more than one electronic state is important 

in the dynamics of this reaction. The thermal dissociation chlorine 

.•torn source produces both the ~P,/ 7 and "J*i/? (-15-20*) states of 

chlorine, and the reaction dynamics of rh°se two states may be somewhat 

different. Since the spin orbit splitting in chlorine is 2 kcal/mole, 

those differences may only be important at low collision energies. 

http://t-.tr
http://-iiii.-qu.it
http://ih.it
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Airey, Pacey. and ['olanyi have detected Br (~l't/-j> In Infrared 

eliemi luminescence studies, observing the excited eU-ctronit- stun-

in the H + liBr - H_ + Br rtaction. Since the spin-orbit s»pl lit IHR 

in bromine is quite large, about 8 kcal/ronJe, we should observe ,i 

bimod.il recoil energy distribution If both the " l \ / 7 -md *'!'..,, si-ites 

were produced in the CI + Br., reaction. The recoil envrr.v distributions 

dp noi fcive a clear indication that such is tin- case. Ilnuvivr, if i hi-

HrCl internal energy distribution were different for the two Ur S1.IU-K, 

such .1 binudiil distribution night be obscured. 

http://mod.il
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m/CHV CAPTIONS 

FiK. t* Experimental laboratory angular dlstrihut ions of hii'. 

produced in the reaction CI + Hr > at lolli.s inn imi/i.-

of h.S kcal/tnoU, 14.7 ki-nl 'noK-, and 17.7 ki-.il'™->.-. 

FiR, ?. tumour nap of BrCl flux density in the u'!iUT-'M-r.,i-.:, 

coordinate system produced In (In* re.i.ifir CI + i'.r . ..! .. 

v-ojlisian etiergy of h.8 ki\i\/mt<U-. 

FiR. J. Contour &»ip of HrCi flux dmsitv in tin- uiitiT-n:-n.i';'. 

(.(-ordinate system produced in the reaction i"! •* Mr, .si .i 

collision energy of 1̂ .7 kcal /mole. 

Fig. '-. Contour map of BrCl flux dt-m. Uv i" the i <-nii-r -ci -r:.is>. 

coordinate .system produced in the reaction (i + lir , .»: .i 

collision en.rgy of 17.7 kc-il/noU-. 

Fig. i. — Experiment A I laboratory angular d t st r ibut ions i>: !<i-( ! 

produced in the CI + Br., reaction at roll is ion energies •»; 

h.S kcal/nole, K.7 kca J'mr-lr, and 17.7 k. a!/ir.ol. : O :., r,,:.-

angular distributions calculated by transforming 1 <". u) 

(Figures. 2-4) to the laboratory frame us inn a fuM ranj-.i- <I 

Newton diagrams, and then summing over laboratory vein.-it ics. 

Fig. 6. Q Experimental laboratory velocity distributions of HrCl 

produced in the CI + Hrn reartion at a collision energy nf 

16.7 kcal/mole at four laboratory angles; - laboratory 

velocity distributions derlvc-d from the center-of-nass 

product distribution shown in Figure i. 

http://ki-.il'�-%3e.-
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Fi>;. ?• • Product r e c o i l enuryy d i s t r i b u t i o n s for t he CI + B r , 

n v u t i o n a t c o l l i s i o n t -n t r j i ies r»i t..ft k c a l / m o l e , 1^.7 

k v u l / m o l e , and 17.7 k c a l / m o l e , a s a func t ion of t he 

f r a c t i o n of thi* t o t a l a v a i l a b l e ene rgy , o b t a i n e d by ang l e 

ave rag ing I (P , E ' ) , st-t- t t -xt . 
c m . 1 

ri^. H, O Ci'iuer-of-niass .-insular distributions oT JJrCl produced 

in tht CI + Br_ reaction at collision cacrcies oi 6.8 

kcal/nioie, 1A. 7 Kcal/mole, and 17.7 kcal/mole, obtained 

by awr.isin^ I (*•, F ' ) uvtr recoil encrg". 
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V. COMPUTER PROGRAMS FOR REACTIVE SCATTERING DATA ANALYSIS 

A. Introduction 
In crossed molecular beam experiments like those described in 

chapters III and IV, one normally measures two product distributions: 
an angular distribution, product intensity as a function of scattering 
angle, proportional to number density per unit angle; and a series of 
tlme-of-flight (TOF) distributions, product intensity as a function 
of product flight time, at selected scattering angles, proportional 

to number density per unit time per unit angle. These two distributions, 
d N L A B ( e ) d 2 N LAB C °* ° l represented b.- rz—- and -rrrT L r arc not the desired dG dt'dt 10. ' 1 

representation of the results of a crossed molecular beam experiment. 
In order to infer dynamical information from the experimental 

results one needs to construct the doublv differential cross-section 
d2I." (9, u) 

in the center-of-nass (cm) system, yr~ , where 3, u are 
dtJat; 

the product scattering angle and velocity in the center-of-mass svstem. 
d 2I (6, u) 2 

-jrj: has the dimensions of product flux (particles/cm -sec) 
per unit angle per unit velocity. This quantity, which for simplicity 
will be written I (6, u), is related to a simiiarlv dimensioned 

d 2 l L A B ( ° - v ) 

quantity in the laboratory coordinate system, I,. (0, v) = Tcjdv ' 
by: 

WS- v) * 4 :c. r a.< 6- »>• (1) 

u 
where 0, and v are the laboratory scattering angle and velocity. The 
laboratory angle and velocity, 0 and v, are related to a c m . angle and 
velocity, 9 and u, by a simple coordinate transformation, given graph-
ically by a so-called Newton diagram as shown in Figure 1. This 
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transformation is obviously dependent on the initial velocities of the 

two reactant beams and the angle of Intersection between the two 

velocity vectors. Even for an experiment employing spatxaily well 

tit-fined nozzle beams with narrow velocity distributions, a considerable 

range of reagent velocities and intersection angles are probable, hence 

the laborofory to center-of-mass transformation is not unique. Equation 

(1) should thus be written: 

where ^(v., v ?, y)» the weighting factor for the i — Newton diagram, 

is a funciion of the reactant beam velocities, v., v„, and intersection 

angle, i, and the bar in It __,(0, v) indicates that this is an averaged LAB 
(over beam velocity and intersection angle) quantity. The functional 

form of f. is dependent on 

studied, but is generally 

fi " <vi + v 2 > 1 / 2 ' f < v i ) * f ( v 2 ) ' f ( ' Y ) ' ( 3 ) 

where the f(v.) and f(v_) are the velocity distribution functions of 

the two reactant beams and f(-y) is the distribution function for inter-
2 2 1/2 section angle, y, and (v. + v_) is of course the relative velocity 

The construction of I (6, u) from the measured product angular 
CtlDi 

distribution and TOF spectra thus separates into two parts: first, the 

solution of equation (2). 
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The first of these two parts is relatively straightforward. The­

se vera 1 T"F distributions are normalized to one another so that: 

E
d 2 \ A B ( e ' ° (A) dOdt 
L. 

i.e. so that the tine integrated TOF spectra reproduce the angular 
2 

distribution. This normalization yields the LAB ' , which is 

dI,. R(G, v) d N...0. t) 
I (0, v ) - ^ 5 . k • v «• ^ (5) 

LAB* ' ' dGdv K dOdt ' K } 

where k is some proportionality constant. Since the measured data 

are not in absolute units, the factor k is set equal to 1. 
Fitting programs, likt* progn*-.. Kt.CON described later, which solve 

an array of intensities at unequally spaced velocities, rorresponding 

to equally spaced val-ies of the flight time, t. These fitting programs 

also require "smooth" input data for I- _(0, v) for efficient operation, 

while the measured data generally include substantial statistical 

fluctuations. Thus smoothing and interpolation of the data is needed 

B. Program Flux 

Although quite simple data smoothing and interpolation techniques 

are generally sufficient to obtain I. . B(0 t v), the volume of the data 
LAB 
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handled necessitates the use of computer analysis. For this reason 

program FLUX has been written. >*LPX has as its principal output the 

values of I. „,(0, v) for 0 = 0. and for v = VO, VO + DV.VO+ 2DV, 

, VO + (NV-l)DV. These data are presented in the printed output 

nfi well as on punched cards In the proper fonnat for input to the 

fitting program RECON. These data are derived from the input data, 

consisting of the observed TOF spectrum at angla 0 " 0., an array of 

intensities (proportional tc number density), H(n) f versus channel 

number, n, as directly obtained from the output of a multichannel 

staler which is used to record the TOF distribution. For this TOF 

spectrum 

d2N.,,(0, t) / „, . I 
LAB _ K(n) I , M 

dodl j o i ~ J 6 i • ( 6 ) 

where t * (n-.5)-w, for n * n-, n ?, ...,n. and w is the time of width 

of the scaler channels. 

FLUX normalizes the data using equation (4) and calculates rhe 

spectrum of velocities, v, v - 1/t - l/(n-.5)-w, where 1 Is the flight 

path U-ngth. FLUX then calculates the 1(0, v) data from the input 

data N(n)/. using equation (5) and equation (6). FLUX first smoothes 

the 1(0, v) data by averaging over a variable number of successive 

points, and then deconvolves the smoothed 1(0, v) data to remove 

any instrumental broadening inherent in the TOF apparatus. 

From these deconvoluted 1(0, v) data the values of 1(0, v) for 

v = VO, VO + DV, VO + 2DV VO + (NV-l)DV are determined by 

interpolation. For any such value of v which is outside the range of 
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velocities spanned by the input data 1(0, v) is set t*qual lo zeTo. 

These interpolated 1(0, v) data are renurmalized so that: 

S I(0)'v 
<TN. (0, t) r-* uAB 

d0dt 
i 

dO 
'i 

(7) 
"i 

i.a., so th*Lt the interpolated 1(0, v) data reproduce the measured 

angular distribution. 

Also provided in the program are options ''or plowing the 

"measured" flux data, 1(0, v), and the deconvol .ited flux data together, 

and for plotting the "measured" flux data and the interpolated daea, 

H C , v), v = V0, VO + DV, ... together. Time of flight data for 

different la'j angles and even different experiments can be handled 

in one program execution by simply stacking the data for different 

TOF spectra. 

A listing and ."ample output of program FLUX and a table defining 

the input variables follows. 



}'rograro FLoX Input Variables 

Variable 

TITLE 

MASS 

THETA 

Description 

heading fci all printer and plotter output. 

Mass of detected particle. MASS «= 0.0 stops 
program execution. 

Angle at which this TOF spectrum has been 
taken, reactant beams at 270° and 360°. 

Normalization factor determined from the 
angular distribution. Ensures that the TOF 
spectra integrated over time have the same 
relative magnitudes as V.ie angular distribution 
r'ar.a. 

t) 
WIDTH - NORM * 10 

where WIDTH is as given below. 

Magnitude of the constant background to be 
subtracted from the data in each channel. 

Number of different TOF spectra taken at angle 
THETA. Allows combining data taken in 
different scans. 

The time, in units of multiscaler channel 
widr"., by which the multiscaler zero of time 
lags behind the true zero of time. The value 
of this parameter is determined by calibration 
of the TOF ar-pa-atus. This parameter corrects 
the ,2„ f ) 

dOdt' 
observed flight time, to give the 

data, where t T is the 

K10N, LION 

where t is the trtie flight time, c ~ t + 
OFFSET-WIDTH, where WIDTH is as given below. 

Ion energy, in electron volts, and ion flight 
path, in centimeters. Needed to correct 
product flight times for the time required 
for the ions to traverse the length, LION, 
of the detector. 
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Program FLUX Input Variables (Cont'd) 

Variable 

DIST 

DL 

WIDTH 

BCHAN, ECHAN 

NPL1, NPL2 

SIGNAL (I), I BCHAN, 
ECHAN 

Description 

TOF flight path length in centimeters. 

Ionizer length in centimeters. 

Time width, in microseconds, of the raultiscaler 
channel. 

Number of the ^'rst and last multiscaler 
channels for which data are to be input. 

Number of channels (always odd) over which the 
data is averaged for smoothing. 

First velocity, in units of 10^ cm/sec, for 
which punched output for RECON is desired. 

Velocity interval, in units of 10* cm/sec, 
for which punched output for RECON is desired. 
If DV = 0.0 no data is output on punched cards. 

Number of velocities for which punched output 
for RECON is desired. 

Plotter option. If NPL1 = 0 and NPL2 = 0 
no plots are generated. If HPL1 ^ 0 measured 
flux data (points) and deconvoluted flux data 
(line) are plotted. If NPL2 ± 0 the inter­
polated flux for input to RECON (line and 
the measured flux (points) are plotted. 

Observed TOF intensity in channel I. 
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PROGRAH FLUX (INPUT,OUTPUT,PUNCH,TAPES-INPUT.TAPE6-0UTPUT.TAPE7.PU 
1NCH.TAPE9B-101,PL0T,TAPE99-P10TI 
DIMENSION VEl1255) ,FLUXEI255>, rLUXSI255>, rLUXC(2551,LABINTI255) ,PE 

1 (2551 ,X I91 ,W( 91 ,XLABOI .VLASI 31 ,T ITLE) S> iVP I2SS) ,S IGN«L(255 ) ,v r<25 
1 5 I . P Z I 2 5 5 ) 
REAL NORN,LABINT,LION,MASS,I AST,L 
INTEGER BCHAN,ECHAN,ACHAN 

C OEFtNE LABELS FOR PLOTS 
X L A B I I I ' I O H VELOC 
XLAB12I»10HITV (1O00O 
XLA8)3>«10H CM/SEC) 
YLAB!1>"10H FLUX 
VLAB(2I-10HARBITRARY 
VLABI3I-10HUNITS 
CALL GAUSSIX.HI 

C INPUT DATA 
LO REA0I5 .100 I TITLE 

REA0I5,1101 MASS 
IFIHASS .EQ. 0 .01 GO TO 1111 

100 FORMAT 16*101 
110 F0RMATI5F10.3I 

t !RIT£16,2O0l TITLE 
200 F0RMAT(lHl ,6A10l 

REA0!5 , l l J l l THETA,NORM,OC,ICONT 
101 FORMAT!3F10.3,151 

REAOI5,1101 OFFSET,EION.LION,DIST.OL 
READ 15-1201 UIOTH,BCHAN,ECHAN,ACHAN 

120 FORMATIFIO.3,3151 
P E A D I 5 , l l l > V0,DV,NV,NPLl,t)PL2 

111 FORMATI2FUI .3 .3 I5 I 
r CORRECT FLIGHT TIMES FOR ION TRANSIT TIME 

CHT«L ION/SORT IEI0N/MASS>*.7199/HIDTH 
ICHT»tNTI0FFSET-CHT*SIGN!.5,0FFSET-CHTJI 
BCHAN" BCHANtlCHT 
ECHAN«ECHAN*ICHT 
NCHAN>ECHAN-BCHAN»1 
VF»DIST*10l> . / ( (BCHAN-.5) *« IDTHI 
V I "OIST«100 . / I IECHAN- .5 I»WIDTHI 
00 i l I - l .NCHAN 

1 I A B I N T I U * 0 . 0 
SUM>0. 

C i SAD INTENSITIES FOR ICONT NUMBER OF TOF SPECTRA 
00 22 J-1,ICONT 
READI5.999I (SIGNAL!I I t I - l iNCHANI 
00 20 I«l,NCHAN 
I F I S I G N A L I I I A T . 0 .01 SIGNAL! I ) - < S I G N A L ( I - 1 ) • SIGNAL! I « l ) 1 / 2 . 
LAB!NT( I I=LABtNT( I I»S IGNAL( I I 
SUM-SUM* SIGNAL!I I 

20 CONTINUE 
22 CONTINUE 

999 FORMAT(8F10.3! 
SUM"SUM-OC*NCHAN 
SKIP=SUM/NORM/100000.»WIDTH 

C CALCULATE VELOCITIES, SUBTRACT CONSTANT BACKGROUND FROM THE DATA, 
C AND CALCULATE THE FLUX FROM THE NUMBER DENSITY 

00 23 I"1,NCHAN 
V E L ! I I > O I S T » 1 0 J . / ( I I - l . 5 * B C H A N I « K l O T H ) 
L A B I N T I I I * L A B I N T I I I - O C 
F L U X e ( I l " L A B I N T I I I / V E L ( ! l / S K I P 
FL 'JXCin»FLUXel I ) 
FLUXS(H«FLUXE(I» 
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23 CONTINUE 
C AVERAGE DATA OVER THE SELECTED NUMBER OF CHANNELS 

INC-ACHAN/2 
1ED*NCHAN-ACHAN 
00 30 I - l . I E D 
RUN*0. , 
00 35 J*t,ACflAN \ 
RUN-RUN » F L U X E ( I » J - l l 

35 CONTINUE 
FLIIXSI I » t NCI -RUN/FLOAT (ACHAM 
FLUXC<I»INC1*FLUXS(IHNC> 

30 CONTINUE 
C 0ECONVOLUT1ON OF FLUX DATA 

ERR*130. 
I T * - 1 

40 ! T « i m 
LAST.ERR 
ERR-O. 
00 45 l«3,NCHAN-2 
SUM 45=0 . 
00 50 J*l,9 
SUM 5 0 . 0 . 
T * W I R T H * ( X ( J I / 2 . - 1 . 5 * I » B C H A N | 
DO 55 K M ,9 
Y * 0 . 0 
L"DIST»DL«X(KI /2 . 
V » L / T * 1 0 0 . 
I F I V .GT. VF .OR. V . I T . V I I GO TO 55 
Y«YNTERPvVEL,FLUXC,ViNCHAN,3l 

55 SUM 5 0 - SUM 50 • Y * W ( K ) / 2 . 
50 S'.IN45>SUM45«SUM50*UU>/2. 

FLUXC(I)-SUH45 
ERR'ERR*IFLUXC C I l - F L U X S I I l l * * 2 
IFIFLUXCII I .LT. o.o) FLJXCIII-FLUXSUI 
FLUXC/ I )»FLUXCI I ) *FLUXSI I> /FLUXC( I ) 

45 CONTINUE 
ERR'SQRTINCHAN*ERR)/SUM 
I F K U A S T - E R R I/LAST .GT. . 0 5 1 .AND. ( I T , L T . 511 GO TO 40 
IFINRLl . EO. 01 GO TO 209 
CALL (>L0T( l , t ,2 ,NCHAN,VEL.FLUXE.XLA8,YlAB.T!TlE) 
CALL PLOT(1,2,1,NCH»N,VEL.FLUXC,XLAB.YLAS,TITLE I 
CALL CCNEXT 

209 U R I T E I 6 . 2 1 0 ) 
210 FORMATI1H0" MASS ANGLE NORM BACKGROUND*! 

HRITE(6>21I> MASS.THETA.NORH.DC 
211 F0RMAT(3F10.3 ,2X,F10.3 I 

NR ITE(6 ,220 ) 
223 FORMAT(1H0«2ER0 CHANNEL OFFSET NET OFFSET FLIGHT PATH IONIZE 

1R LENGTH*) 
HRITEC6.230I OFFSET.ICHT.DIST.OL 

230 F 0 R M A T I 2 X . F 1 0 . 3 , 1 1 X , I 5 , 7 X , F 1 0 . 3 , 6 X , F 1 0 . 3 ) 
HRITE(6 ,2A0 I 

240 FORMATUHO'CHANNFL UIOTH FIRST CHANNEL LAST CHANNEL NO. CHAN 
I . AVERAGED*) 

URITE I6 .2501 JIDTH,8CM«N-iCHT,ECHAN-ICHT,ACHAN 
250 F ! ) R M A T I F 1 0 . 3 > 9 X . I 5 , l 0 X . I 5 f 1 4 X , I 5 ) 

H R I T E ( 6 . 2 6 0 I 
260 F0RMATI1H0*CK*NNEL VELOCITY LAB NO. DENSITY LAB FLU 

IX SMOOTHED LAB FLUX OECOIWOLUTED LAB FLUX*) 
00 70 W . N C H A N 

70 NRfrE«6.2'70t I » S C H A N - l . V E l ( l ) r L A B I N T H > , H U X E I I ) , F L U X S S I ) , F L U X C U I 
270 F O R M A T ( l 5 . 9 X . F 5 . 2 . 1 0 X . F 1 0 . 2 i T X . F 1 0 . 2 . 6 X , F 1 0 . 2 , 1 4 X t F l 0 . 2 l 
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IFIDV .EQ. 0.1 GO TO 10 
HRITEI6.320) VO.OV 

320 FORMAT(LHO* INPUT FOR RECON VO • ••F5.2,« OV • *,F4.2I 
WRITEI<>,330) 

330 FORMATUHO* VELOCITY FLUX RENORM. FLUX«I 
ISTART-0 
ISTOP»NV 

C CALCULATE EVENLY SPACEO VELOCITIES AS REQUESTED 
00 90 I > l t N V 
P E I I I O . 0 
V T ( I I - V O t F L O A T ( t - 1 I « 0 V 
V - V T d l 
IFI ISTART .NE. 01 GO TO 91 
I F ( V . L T . V I I GO TO 90 
ISTART-I 

91 IFdSTOP .NE. NVI GO TO 90 
I F I V . G T . VF> I S T O P M - 1 

90 CONTINUE 
SUP-0.0 

C CALCULATE THE FLUX AT THESE ESUALLY SPACEO VELOCITIES 
DO SO J»l START,ISTOP 
I - J - I S T A R T H 
V P d l - V T C J l 
PEI J I - Y N T E R " P I V E L « F L U X C , V T I J I , N C H A N , 31 
I F I P E U I I 7 9 , 8 1 , 8 1 

79 P E I J I - O . 
81 P Z ( I I > P E ( J I 
80 SUP>SUP»PE(JI/VT(J) 

SKIP»DV«SUP*DIST/N0RM/1000. 
WRITEI6,3301 I V T I J ) , P £ ( J l , P E t J I / S K I P , J>1,NVI 

300 FORMAT!*X ,F5 .2 ,TX ,F10 .2 ,8X ,F10 .21 
HRITE(7 ,290 I THETA-270. 

290 FORMAT! 5X .F6 . I I 
URITE(7 ,310 ) ( P G I I I / S X I P . I - l . N V I 

310 F0RHATI8F10.2I 
IF(NPL2 . F O . J l GO TO 10 
NV»IST0P-ISTART»1 
CALL PL0T<l, l ,2,NCHAN,VEL,FLUXE,XLAB,YLAB,TITLEI 
CALL PLOT( l ,2 .1 ,NV,VP,P2.XLAB,YLAB,TITLEI 
CALL CCNEXT 
GO TO 10 

1111 I F I I N P L 1 .EQ. J l .AND. INPL2 , E 0 . 311 STOP 
CALL CCEND 
STOP 
tNO 
SUBROUTINE GAUSSIX.MI 
DIMENSION X ( 9 I , U ( 9 I 
X I 5 I . 0 . 0 
X I 6 I - . 3 2 4 2 5 
X I 7 I - . 6 1 3 3 7 
X I 8 1 - . 8 3 6 0 3 
X ( 9 I - . 9 6 8 K > 
W I S ) - . 3 3 0 2 4 
W I 6 I - . 3 1 2 3 5 
W I 7 I - . 2 6 0 6 1 
W(S I - . 1806S 
W I 9 I - . 0 S 1 2 6 
DO 1 I « l . * 
J M O - I 
X I I I . - X I J I 
WI I I .WIJ I 

.1 CONTINUE 
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RETURN 
END 
FUNCTION YNTER»(XA,"'A,X,L,N) 

C ROUTINE FOR INTERPOLATION OF THE FLUI 
01HEN5I0N X A U I , Y A I l l , l M i 2 l » 
COHHON/VNVCOH/IFO 
DAT* S G I / 0 . 0 / 
I f I SGI . N E . 0 . 0 1 GO ' 0 12 
SG1-1.0 
IFD-0 

12 SG2-0 
IU -L»1 
r f i i . i r . j ) GO T O * 3 
NIN-N 
I F I N . I T . I .OK. N . G T . 20) GO TO 40 
NPl«N* l 
I F I N P l - l ! 1 4 , 4 8 , 4 3 

14 J F I X A I U - X A I I M 1 6 . 4 3 . 1 S 
16 SG2>1.0 

I l - I U 
I U - 0 
GO TO 20 

15 I L ' O 
2J I A " ( l U » I L I / 2 

I F ( I A S S I I U - I L ) . L T . 31 GO TO 26 
tF<X-XA<!AH 2 2 , 4 6 , 2 4 

22 1U«IA 
GO TO 20 

24 I L - I A 
GO TO 20 

26 1FIX .EO. X A I l A t l GO TO 4b 
1FD-1A 
[A .1A-NPW2 
1F<HQ0ININ,2I .EO. 01 GO TO 30 
IF 1X .GT. X A M F D I I GO TO 2S 
IFISG2 . N E . O.Ot U - I A t l 
GO TO 30 

28 IFISG2 .EO. I ) .01 1A-1AM 
30 I F ( I A .LT. I I I A ' 1 

I F I L - N I N . L T . 1AI lA 'L- .NIS 
32 J«" I« 

DO 34 J ' W N P l 
2 A I J l . Y A I J A I 

34 J A ' J A . l 
I B ' I A 
00 36 [ - 1 , N I N 
T l . X - X A I I S I 
00 36 J ' l . N l N 
J A ' J M A 
I 2 - X M JA1-XAI I B | 

36 Z A ( J v l ) . Z » H 1 . T l « ( i » i J > l l - J « ( 1 1 I / T 2 
38 I S - I B . l 

YNTERP=2AtNIN»l> 
RETURN 

40 HR1TEI6,42> 
(.2 FORMAT I 1 H . ) , * FRROR RETURN PROB YNTERP, N IS OUT OF RANGE • • I 
•>) IFO-1 

YNISRP-YAdl 
FETURN 

46 YNTERP.YAIIAI 
IFO- IA 
RFTUR-J 
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« 8 JA»l 
I F O . l 
0 1 TO J i 
ENO 
SilBaOUtIN-: PLOT( IOJV,SClN1 .NCUPV3, r«PtX ,Y ,XLAS,VL«B, * lT l6 ) 
C<W«N /CCPOOl / XWNtXNAX.YIIN.YMAX.CCX^IN.CCXMAX.-rCVMirs, 

i ccv»»x 
COtnON /CCPACT/ F»CTOI» 
OMENSI'JN x(ii,v(ii .anu>inui 
DATA WOUNO / * / 
DATA (KOUNDf I I . I M . 4 ) / 1 . . J . , 2 . 5 , 5 . / 
FACTOR'tOO. 
CCxMtN«i .»CCXMAX»8. lCCVH|N- l . tCCYMAx. lJ .5 
! F t N C W T . E O . ? l M TQ I J 
CALl LINEUP (X» l«P ( KOUMn t Wll |a |o > l ,> . ,x .MN t x»IAXI 
CALL L!* lE I IP(Y,NP.»HMO.Nf ln iMO.Ui . .Y* t» l ,YMAj l> 
CALL C C V t I D I t . r 1 , 6 I I N ' ) L H I S . ! , U , I I 
CALL C C L B L < t O , : - l 
CALL CCLT«U.5,l0.7.' l , l ,Tm?.A3l 
CALL : C L T 0 ( 3 . 5 . . 1 . J . l , X i a B , ? J I 
CALL C C L T R t . » . 5 . . l , I . U » 8 . 3 ( l » 

I J CONTINUE 
IFCNCUBVE.fO.2l 0 0 TO ?.i 
CALL CCPL1TIX.Y.HPI 
CO TO M 

23 CALL CC*L!)T IX .V .NP ,bHi IJOINt * 5 . 1) 
vt asru*N 

END 

http://IFCNCUBVE.fO.2l


n w t - j t f i t » * < I O I K I 

NU«M (UCK <MCUSf) 
l i b . 0 0 » a .D>M . M O 

I f Its t B l H l f i » * M * Nft U»*Sf I H I 
. 6 u - 1 

C*»*tV L , i H (JBI 1 I H * S * J L i » i r t . 
1 >. )JJ I * 2 4 

C"*tSt V ' l K i t * i " J.C. 0 

1 J 12 I * Uea.dO 
11 t o *« 2124.90 

t * 
u 0 ) 

21 
ziro.oo 
iwi .ao 

I * 
1* f 

2124.49 
LtM.OO 

14 f U 61.00 
l » 1 1 « 4 I . 0 4 
l a M • 2 7 . • » 
f* I t 4 W . i » 
n 1 1 229.J0 
2 1 idu.aa 
a >f> 0 
t i * I f 0 

IDNUEI LEW*"* 

MO. CHAM. *Vt**CfO 

LIB FUJI ktOQTHCO t « t H U * OECONVOLUTEO I U H u i 
4 .21 * . 2 l 4.21 

40.42 I f . 4 9 >f .4S 
75.73 41.04 41.06 
W . « M . « T •*.«T 

10*.15 »fl.«4 M . « 4 
1 0 ) . * » • 4 . 7 1 • 4 . 7 2 

74. Jt u.to • 2 . 60 
»* .7> 49.44 49.44 
H . l f c M . * » 44 .41 
47.51 4S.SI 45. » 

!*.*• I # . " i J 2 . « l 
L*. rs 1 * . ) 3 1 * . M 
k.rr T . l » 7.1T 

V t L X I ' T 

A. i n 
M O 
J. 1.0 
q.JJ 

!i:.S 

i.or 
21.94 
4i.>r 
I f . 9 | 
4S.U 
89,42 
96.U 

101.97 
100.17 
92.4a 
• l .T* 
IV.11 
94.45 
43,W 
I I . 0» 
IS.37 
5.97 
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C. Program Recon 

1 *> equation (2). *" This method usually describes I (0, u) bv a c .m. 

t r i incated d e g e n e r a t e expans ion : 

m n 
I (9 , u) = T T, a . . T.<e) U.(u) (8) 

u tie re the T and L' f unct ions may for instance be polynomials of degree 

i-1 or i-1. The a., are then the parameters to be determined. Since 

the nunber of data points is usually much greater than the number 

(typically 20 to 40) of a.., these parameters are overdetermined and 

least square.*- techniques are used to determine them. 

Problems can arise using such algebraic techniques for solving for 

1 (£•, u). More flexibility than is provided by degenerate expansions 

especially if the data are highly structured. This technique also 

becomes difficult to use if the data do not admit separability of 

choice of the expansion functions. 

An alternative procedure which avoids these problems is to use 

a functional representation of I (6, u), the measured I, ._(0, v) 
cm. LAD 
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data can be used to generate iterative successive approximations to 

! (9, u) using equation c .m. 
rul.ited to a "monochromatic 

"canonical" Newton diagram: 

2 
I.,RC0, v) = ~ I m (6, u), (9) LAB I cm. u 

vfjtiat ion (2) becomes: 

W°-v> " \h\ W W - ( 1 0 ) 

This "canonical" Newton diagram is the most probable Newton diagram, 

that is, the Newton diagram which maximizes f.. 

One can then use various methods to provide an initial guess and 

-EXPT 
I. R (0, v), LO give the initial guess: 

'LAB 'LAB v"' 
(n+1) _ (n) , fEXPT -(n) 
LAB ~ LAB LAB LAli'' 02) 

=EXPT .„ T(n) This method assumes that the ratio of I/.„ to I. ,„ is representative 
LAB LA a 

The iteration is repeated until this error in 
-EXPT -Cn) I is minimized, that is, until I / I ' » 1 . When this best fit 

of eijuat ion (9) . 

This technique allows 1 (9, u) to be obtained without any c-m. 
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assumption about the functional form of the center-of -mass d stributton. 

The unlimited frequency spectrum of the iterative solution allows 

accurate fitting of highly structured data. Since the only symmetry 

present in 1 is that which is present in the experimental data, 
' cm. ' ' 

no additional symmetry is imposed on I (0, u ) f as can be the rasu 

with algebraic techniques using expansion functions whicli have rheir 

own svmmetry. 

As discussed in chapter III, for many reactions one wishes to 

.iccount for the energy dependence of the reactive cross section in the 

recovery of T <P, u). If the cross section increases with increasing 

energy, as is usually the case, this energy dependence has the effect 

uf inrreasing the importance of the larger (i.e. higher relative 

velocity) Newum diagrams. If the cross section energy dependence has 

a negative slope the smaller Newton diagrams will be emphasized. In 

either cas. the solution of equation (10) must account for the energy 

dependence, hence equation (10) shoulJ really be written: 

W°- v ) • p i<vv> f E ( v i + v2> W V V- ( 1 3 ) 

Tn this case the Newton diagram which maximizes f,*fp * s used as the 

"canonical" Neitfton diagram of equation (9). The functional form for 

f is uf course determined by the observed energy dependence of the 

reactive cross section. 

Program RECON has been written to solve equation (13) fov I (0, v) 

u:. ing the ratio method just described. RECON draws heavily from the 
4 

program I DORS written by Siska. However, it contains several modifi­
cations and additional features- which were found to be necessary in 
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iualing with data sets such as those for the F„ + XI -* XIF + F reactions 

iinu i-Tie CI + Ur„ ' ClBr + CI reaction. 

The input for RECON consists of the experimental differential 

cross section data, * T A»fO» v)» ^ o r UP t D 10 values of 0 and up to 

thirty values of the velocity, v, v • VG, VO + DV, V0 + 2DV, ,... V0 + 

(NV-l)DV. Input data describing the velocity distributions in each 

of the reactant beams, the nominal intersection angle between the beams, 

and the distribution of intersection angles about this nominal value 

are required to establish f.(v,, v_, \) for use in solving equation (13). 

Also required as input are data on the cross section energy dependence 

to establish the f_ weighting of equation (13). 

The energy dependence data can be input in the form of a table of 

values of the relative magnitude of the reaction cross section versus 

energy* Alternatively the cross section energy dependence can be 

described functionally by selecting values for up to four input para­

meters, r.PCAK, CZERO, P0W1, P0VJ2, which determine the functional 

behavior. This functional weighting and the weighting using a table 

of values of the magnitude of the reactive cross section can be used 

simultaneously. The functional form used in the cross sectic;i energy 

weighting is specified in subroutine CNEWT. In the listing of RECON 

which follows, the functional form has been chosen to describe a cross 

section which has zero magnitude ac energy EZERO, rises rapiuly from 

EZERO then gradually tapers off to a maximum at energy EPEAK, and 

which has a constant value for energies above EPEAK: 

WATE = 1.0 for E > EPEAK 
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/EPE. \P0H2 
W A T E = 1 - ° • ( E P W ^ Z E R O J forE2ERO<E._EPEAK 

WATE = 0.0 for E ^ EZERO 

EFAC(E) i s the cross section energy weighting as determined from the 

tabular input, ita on the cross section energy dependence. When no 

functional energy weighting i s used WATE = 1.0; when no tabular data 

on the cross section energy dependence i s used EFAC(E) = 1 . 0 for a l l 

energies E. 

2 2 TV.e weighting, f. (v. , v_, y) • f (v + v„ ), used in equation (13) 
2 2 1/? is given by £r'(v, + v ? ) "• f (v.) -f (v_) • f (-y) when energy weighting 

of the cross se u n is included. f(v.) and f(v_) are the velocity 

distribution functions of the reactant beams and f("y) is the inter­

section angle distribution. These distributions are calculated from 

input parameters describing the velocity and intersection angle 

distributions. The "canonical" Mewton diagram of equation (9) is taken 
2 ) 1 / 2 -
sed f £ 

2 2 S/2 in equation (13) is given by f = (v + v„ ) «f(v.)*f(v.)-f(y), where 

S is specified by a data statement in subroutine MPND. S = 1 or 2 

usually. In the case of no energy weighting the "canonical" Newton 

diagram is taken as that which maximizes this f,. 

When a large range of Newton diagrams makes a significant contribution 

measured for only thi^e or four values of 0, an iterative technique 

file:///P0H2
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like the ratio method will sometimes not be effective in recovering 

*.AI.(0> V)» since the grid of angles 0 may be too coarse to allow a 

sufficiently narrow, ^ T A R ^ » V ' t 0 ^ e recovered. This is never a 

problem in v-space, as the data are always available in as fine a grid 

as necessary from the measured TOF spectra. 

In such a case the quality of the fit obtained with RECON can 

be improved by establishing more data points, i.e. I. -(0, v), for 

additional values of 0. RECON has a provision for this. Using 

I.,_ has been measured for 0 = 10°, 20°, and 30 D, RECON can calculate LAD 

flexibility to the I.._(0, v) distribution than provided by the limited 

number of values of P which occur in the measured data. In the example 

for only two other values of 0, allows a much greater range of profiles 

for <I,„ n(0, v)> . This feature must of course be used with great care, LAB v 
and can only be used when the angular distribution and measured velocity 

distributions indicate that linear interpolation is reasonable. 

At times one may wish to determine I (8, u) for some product 
c.m. 

of some other species. This is the case for the IF product of 

F„ + I, -*• I + IF + F for which the T t A t l(0, v) data are complicated by 
£• £• LAij 
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[„F + F. In this case, it is necessary to subtract from the 7, 4 O(0» v) I LAB 
data for the IF product, the contribution duo to I?F, i.e it is 

necessary to subtract some fraction of I u(0, v), the distribution 
LAB 

lor 1„F, for each 0, v point. This fraction to be subtracted is 

determined from the measured T^F /IF fragmentation ratio of IF. 

W V V«WRKTH» " W V V " ̂ W V V (1/,) 

lor tin.- complete range of i and j, where k i.s the fragmentation ratio. 

As output KfXON of course reproduces the input data. It prints 

out the beam veU»L it tes, VI and V2, intersection angle, GAMMA, and the 

Uvj), f(v.,), f(^) weighting factors, as well as F(V1, V2, G), the 

t' -f. weighting for each Newton diagram used in equation (13). THC, 

the center-oi-mass angJe (0 of Fig. 1), and EREL, the collision 

energy in kcaWnole, are also given for each Newton diagram used in 

equat ion (13) . 

The principal output of course consists of the I. . (0, v) and 

each iteration n. These data are headed FOLD and LAB 
-PiPT l.'NFOLI) in the output. I ' (0, v) is also given under the heading 

KM'T. A fitting error dt-fined as: 

' ii,v I 0,v 

where N is the number of data points is also given for each iteration n. 

Kt-.CON also computes and1 outputs tho Jab angular distributions. 



yjI T- n(0, v)'v, for the experimental data and for I.,„, for each 
, t a — LAB LAB 

iteration n. 

After a specified number of iterations RECON then computes the 

center-of-mass velocity distribution, Z*I (©. u), and angular 
e cm. distribution. 2^1 (6, u), for the I (8, u) which has been u cm. cm. 

recovered in the fitting procedure. These distributions are headed 

P(U) and P(TH) in the output. The program determines the finest 

possible grid of velocities and angles which can be accommodated 

using 20 values of u and 6. 
I (8, u) itself is c.m. 

line printer, superimposed on the canonical Newton diagram, using 

characters 0, 1, 2, ..., 9, A, S, .... K to indicate contour values 

0-20. A contour corresponding to an integral value is drawn between 

successive characters. For example, the 1 = 4 contour occurs at the 

bounHnry between the 3's and A's. The contour map is positioned on 

the output so that the axes of the paper correspond to the reactant 

beam directions when y • 90°. The relative orientation of the beam 

velocities, i.e. which axis of the paper corresponds to which beam, 

is chosen so as to give maximum resolution in the plotted contour 

nap. At least one beam velocity, given by a chain of arrows, is 

always plotted, along with the position of the center of mass (S) 

in order to indicate this orientation. 

A description of the input variables, a progran listing, and 

sample output oF program RECON follow. 



Program RECON Input Variables 

Variable 

IL 

ITMAX 

1KSCALE, ME 

I-PEAK, FZERO, POW1, 
POW2 

Description 

Heading for all output. 

Number of iterations desired, n <̂  9. 

Control variables for energy weighting the 
cross section. If IESCALE 4 0 the program 
reads in NE (<_ 20) values of the collision 
energy and the relative magnitude of the 
reactive cross section, o(E), at that energy. 
This allows use of the experimentally 
determined cros.-* section energy dependence 
which is only available in tabular form. 
IESCALE = 0 eliminates this feature. 

Parameters available for UBU in a functional 
representation of the energy dependence of 
the cross t̂ ect ion. Such ;i funct ional rrpre-
.si-ntatiun of c*(E) can be used in place of 
tabular data or in conjunct ion with tabular 
data. The meaning of these parameters is 
determined by the functional form of o(E), 
chosen by the user, in subroutine CNEWT. 
EPEAK^O gives no energy weighting of the 
cross section in this form. 

i:<IE), sifiMAdF.), 
IE» i, :;E 

NV'il(l), NVB(2) 

Arrays giving the collision energy, r:(IE), and 
magnitude of the cross section at that energy, 
SICMA(IE). E in kcal/mole, SIGMA in any units. 

Number of velocities in each beam to lie used 
Ln solving equation (13). NVSf must be odd for 
a nozzle beam; even (or 1) for a velocity 
selected beam. 

Number of intersection angles to be used in 
solving equation (13). NVB(l) • NV3(2) • NCAM « 
total number of Newton diagram transformations, 
which must be less than A00. The actual number 
of Newton diagrams used by the program is 
somewhat less than this, as very low probability 
Newton diagrams (less than .05*"probability" 
of the most probable N'cwton diagram) are not 
used. 



Program RECON Input Variables (Cont'd) 

Variable 

CB(1), GB(2) 

GAMMA 

VPAR(I, J), 
I - 1, 5, J - 1, 

Description 

Masses, in a. m. u., of the reactant particles. 

Nominal value of the beam intersection angle 
in degrees. 

Half width, in degrees, of the interaction 
angle distribution. 

Parameters describing the velocity distributions 
of the two reactant beams. I is the parameter 
index, J is the beam index. VPAR(5, J) indicate 
type of beam velocity distribution. 
VPAR<5» J)<0 indicates a supersonic nozzle beam. 
Then VPAR(1, J) is o 0, VPAR(2, J) is y, and 
VPARO, J) - H, where a 0, yt and M are the most 
probable velocity in the nozzle, the ratio of 
specific heats, and the beam Mach number, 
respectively. VPAR(4, J) is not used. 
VPAR(5t J) - 0 indicates a velocity selected 
beam. VPAR{1, J) is then the selected velocity, 
VPAR(2, J) is 8 and VPARO, J) is Y, vhere 
B, Y are the mechanical velocity selector 
parameters as defined by Hostettler and 
Bernstein.5 VPAR(4, J) is again not used. 
VPAR(5, J)>0 assumes a distribution fitted to 
the UDIST function of Entemann.^ 

are to be analyzed. NTHL<10. 

are to be analyzed. NV<30. 

Spacing, in units of 10* cm/sec, between 

SmalJ?st velocity, in units of 10^ cm/sec, for 
which ILAB(0I V ) data are to be input. V0 
must be the same for all angles. 

Lab velocity below which data are not analyzed. 
VS = VO usually. 

Lab velocity below which data are not to be 
contour plotted. VSP>V0. Usually VSP « VO. 



Program RECON Input Variables .(Cont'd) 

iK-siT ipt Ion 

TIIL(ITHL) Array of lab a n g l e s , ;.'. THI.(l)-.THL(l ,)< 
ITHI. = 1, KTHL <T1IL(NT1!L). 

[NORM Control variable. If INOK.M j* 0 tlu- current 
THL(ITHL) is used to nor inn 1 i •'•<-' the anRular 
distribution U(;,\L(̂  * =V^( AI.C^* v^ ' v* <'alt-ula». ed 
by RECON lo the 'Yxper inu-ntal" angular distri­
bution (iLAfif-1' * TI.A»(- • W'v)), 

•' « TUUITHU. 

Slf.S Control variable. ISICN : 0 means that 
laboratory data f L.\K<' '. v) b.ive »et-n obtained 
for the current auvJe i'lH.UTMI.), and that these 
data will be read in u- RITON. ISIGN # U 
implies that ILAB^"' V^ l',lt;i a r i* H.1^ available 
for the THL(ITHL) and wil! thus not be read in. 
"lie program will "rah'ul.Hr" the JJ.^B^* V) 
data at titis TIU.CITHI.) bv interpolation of the 
T L A B{(\ v) data at THL(lTHl.-l) and TULOTM.+ 1 > . 
This al l'>ws generat ion of more data than was 
actually obtained, and sometimes expedites the 
accurate recovery of IJ.AJ)(;\ V) when the uriJ 
of lab data is "coarse." 

SrAMlTHL) If ISIGN = 0, TSCM.f ITIil.) is not used. If 
1THI. = I, NTHL ISIGN t 0, TSCALtlTHD is the normalization 

factor for '• = THLOTlil.), (i.terminod from 
the angular disr.rihui ion. It is equal to 
NORM-DIST where NORM, 1)1 ST are as Riven in 
the description of the input variables for 
program FLUX. It ensures that for the 
It.gCG, v) data interpolated 

£ W ° - v ) - v l 0 . THL(TTHL) 

d 2N (0 , t ) I 
- T- —^rrb ° = THL(ITHL) 

d N L A B ( 0 > I 
= — d e — l e - T H U t T H L ) = N 0 R M 

The value of TSCAL(TTHL) used must be consistent 
with the values for NORM used in program FLUX to 
obtain I L A B < G > v) at 0 = THL(ITHL-l) and 
0 = THL(ITHL+1). 
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Program KKCON Input Variables (Cont'd) 

Variable 

PECIV. ITHU 
IV « I, NV 
ITHL - 1, NTHL 

Description 

The lab data T[_AB(OP V ) . These data are read li 
only £f 1S1GN « 0 for the current value of ITHL 

SUBFAC The factor k of equation (14). 
this feature ia not used. 

If SUBFAC - 0.0 

PSUB(IV, ITH) The array of TLAB^O* v ) which is to be subtractc 
from I L A B O I V) as in equation (14). Not input 
if SUBFAC • 0.0 

Control variable. ICONT » 0 stops prograa 
execution. ICONT i< 0 indicates another data 
set is to be input and program returns Co 
input routine. 



CX.f 1 ,ri~5TV» SINTV, 

?Q ri->a •« =a "re .•>*! i r * i " - r , IUTP- IT , T 4 D r $ s I I JP . IT , TApt -^nuTuuT) 

r JMM J \ / I IM iTS /OTH.oTL .^ t I . " 1 T #TH"11 N, l l« I N 

i . ' ' - ^ V i / n i / v i , . r n i , iv . . . ' V tV ' . t . 'H i , U i , vSiVSP 
L ''MM T ! / f " CTtJ<i /Vl ,V.' . " X'<», "YMi'.C lSi"V^f iSINTVMP 
r I M U W / . . " v ' L V ' / ' / X . W 
•»! *"• * T •'• ." i j i i , v.* ;••"* i i n 
,,t.... ,*,. iv ps-i- i l .M) 
-:M'- -(ST •': IVM?) ,'J-M ?| , V ' ' . ' ^ C i , P ) , F i - i •*,(<, JJ I / i ( 4 j J l . r y f H j J t , 

U'T-.-y W i n j . S l ' j r y i , u j ) , IT- ' t *J0» , I L t 1t,SUM c l - I IT > . 50 ^ n LO) 
M « " T - ; i*i r v . ; ( i o i , p - - ' P i n , t i ' J i . , H V : u . i i , L t > : i ' - T i p i , r s r a u . j ) 
* : y - \ c r ;•* " ( ) j . ! j ( . < , : n j . i j ) . | , c n j 1 i ; i , v L i : u . ' . v i , T H t n j ) ( i / x u j r i J ] 

t ,WV1 J ), 10) . ' - i , , : ISHT I JO , in ) 

^ n . v n • t T P o ; -

•A"M ^ . 10 101 I L 
A 1 1 } , t 0 ? J > I T ' 
. ' . 0 ( 1 . L J j ) J I -
11 • ' . r \ i <•• . • : , , « V M ^ , I JO") 1 1 •• 
V M S . U J a l i ; 

v i *i lorn i *JVi 
* M * i , l l i l ^ ' l I V I 
fl'M ' i . 1 J j ? t 1 v-.' 
5 n f s , t J -i i J 

-•[, 
= 1 , • I 

vnUI,-n;ca,,.i< 
, i i . r . i . s i 
, 2 1 , i « l . r . i 
. i v , v > , v s . VSP 

IV ' I U Y > - J 
F*>>( •>. . 0 0 - I T-' 
r-( J I V I = TKL i i T 

,E ^ iLLJAVt 

1 F T » 1 S H I ' I . 1 
= { 14V1= L 

r, i 
W HT I f v = l , * I V 

1 V L U V . I T H L t e F l o t n I V - l > * 0 V * V 3 
SE40I5 .10051 l « ( ! V . I » H L > i I V ' l i h I V ) 

2 l S H [ F T I J 4 V ) « I S H I f T 
90JO WP!TEI6,1019> 1L 

r l f l l T F < 6 i l ! I O t > 
WBITF<6,10071 r,«f I I ,r,B(2> 
T | . ( » > « ( l i l l / l . Z n t M « Z W I 11 
T 2 = ( V P 5 » ( t , 2 l / i . 2 8 4 S ^ I « « 2 » G I > ( 2 ) 
h P I ' F l o , 1 0 0 8 1 T1.T2 
MR I T * 1 6 , 1 0 0 9 1 VP«R(2. l l , V P « t ( 2 , 2 1 
Ml 1TEI 6 .10101 V P » » ( 1 , l l r V P » P H , ? l 
[F(VI>A<t l5 iL I I 1 1 0 , 1 1 1 , U 2 

110 I F ( V P A M S , 2 I I 113 ,114 , 112 
111 I F I V P 4 M 5 . 2 J ) 119 ,116 ,112 
1 13 WR[T = ( 6 , 1 0 U > 

GO Tn 112 
l i t U M T F I 6 , 1 0 1 2 1 
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GO TO 112 
115 W>ITC|6 ,1013 I 

GO TO 112 " " " • • - - • 
116 tratTE(6.10141 
112 U R I T F . I 6 . I 0 I 5 I M V B I l l . H V B ( 2 l " 

WR!TF<6,10161 NTHL, W.OV.VO.JfSiVSP _ _ 
W » I T M * . 1 0 1 7 1 ITMAX 

1000 FOKHATI8A101 
1001 F n » « « T ( 3 ! 5 . 5 X , 6 F 1 0 . t l 
1302 F3P<UT!8F10.«I 
1003 "FORMAtl2t5.4FiO.3l ~ ' " 
l u l l * F1RMATl5X, f 6 . 1 , 2 1 5 , F 1 0 . Z I 
1005 n P H A » l 8 F l J . ? l 
1006 FPqwiT| lH0.30X,21H9rAI ' INPUT PARAMETERS/tH0,4*X,7HPRIUAPY,8X.9HSEC 

lONOAIYI 
1 )07 FORMAT! lH0,9X,4Hl |«SS_. i2X,F6. 2 , 1 1 X , C 6 . 2 I 
1008 F1«.M»T(IH , 9K , l lH t r> IPE«ATL»E ,2 '5X ,F6 , l t 'UX .F6 . " l l 
1009 F1RMATUH ,9X ,5Hr , l> IMr . , 33X .< : 4 .2 , l 3X ,F* .2 l 
1J I0 F0«MAT(1H , ! I , U H W f i | NUXP~F.26X .>5 .2 .12X .F5 .2 I 
1011 FUPHATI1H .9X,l7Hn[S7»lBM71,|N TYPE.19X.6HN02ZLE.UX.6HN0ZZLE) 
1012 *QRMAT(IH ,9X, l7*r>ISTo 1SUTIUN TYPE119X.6HN-1ZZLE.10X.7HVEL SF.LI 
1013 FnPMA'l lH ,9X, l74D!ST«InUTIr iM TYPE ,18X,TH»EL SFL.I1X.6KN0ZZLEI 
1 ) 1 . F1RMATIIH ,9X,17Hr)IST11B!)TnN t T P E . 18X.7HVEL SEl', 10X, 7HVEL SELI 
1015 F iou«T l lH .9X.23HN.3. VELOCITIES AVe»..GFD, 1 7 X . I 2 . 1 5 K . I 2 I 
1016 F"»H»T<1H0,« *l>ffi''J IF l«B ANGLES • * > I 3 / 1 H 0 . » NUM8ER OF VELOCITIES 

1 AT CiCH VIGl = • • . l l / l ' l f l , * VELiKITY INCREMENT • • . F 5 . 2 / I H 0 . * FIRST 
IVfLOCI 'Y • • " ,F5 .2 / IH .> ,« ANALYSIS CUTilFF VELOCITY » • . F 5 . 2 / | H 0 , « CONT 
1JIIP PI IT f o r IFF Y^L'CITY • • • F 5 . 2 I 

1017 F.I°MAT|lHO.« NiJM9» ric ITERATIONS R^OUESTEO I S * , ! ? ) 
1319 FORMAT I IH1 .4A111 
1021 c IPMATI I5 .5X .5F10 .? .131 

C 
C rALCULSTc '4FHnN rlAfiTA.MS AMT PARAMCT5P.S. 
f 

O I L WWT 
CX'1P«r,x|MP| 
CV'*P«rYIMPI 
co?rv"P»ci5Tvr«i 
SI«TV"P"SI ' I»»IHPI 
IVS»fVS-V>>/OV + l . l 

9100 IT .O 
r 
C CUCilLA'F *Y IITFP.PillATIOM l l ^ ' I S J T Y OAT( F0» TH= KEOUESTED tNGLES 
r 

MTMLxMTHl 
N'HL- ' ITMI- ISMier 
IV> 15.J ITHL»I.».THL 
00 ISO I V I . ' I V 

150 P l l V . " H L I " F F I ! V . : T m . | 
nn i2n J A V > I , " T H I 
IFIM'IVCI JAYII 121 .122 ,121 

122 I » l - L S H I F T ( J A Y I 
on i?4 I O A I I . W 

12* P T j M P i t . l t . j J Y I - r ( i : i a ,o»Y-LPLI 
<•.••. -"l 12J 

121 sudoral), n 
"n Hi ! n w . * : V 
VVscL'».JTI r D A - l l * r > v * V i 
Tl=»MO(J«Y> 
CJIL i « r X T I V V , ' ! , » n 
PT'= , - , n ( :na«.HYMP7 

123 S'rM(>T«1'l ,'!»"'r*p7/VV 
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SKIP-nvSUMOT/ ' -s l tL I IAYI /1 J J J . 
SU*l?Frj!YI*S l l" , >T/SKIO 
no 125 i r tAMt ' iV 

W i PT..»1P(I'>A,JAYI»FTf '1P(! '« » JAY I /SKIP 
120 r i w r t N i i " 

hTMt»MTHi. 
r 
C f c 4 0 »».i»Y "F rtAf/KG^JU,*" t .JT*NSlT l£ i TfJ BE SUPT»ACTFD 
C 

1 « A n ( 5 , l J l ? l SIIBFJC 
'FISUHFAC . E l ) . 0 . 01 ».:• T l 5 
P I b66«< TTHle | ,N T HL 
n A D C U O S ) (">S'.I»UVI ,1 V l . H V I 
tyf AftOO !V«1,NV 
P i " t t V t I T H L ' l * ° n * V t ! T H l . »-P?iJ«(!VI*SU8FSC 

M J J W l T I N U : 
«>6<i CdMTTMlL 

5 N»TS») 
SUM. J. . ) 

C CALCOLATt V F n r . t - y CO»PO'lcNTS 
c ra icuiA" OIGUICK OIST^IBUTIJN RY SUMMATION IVEP V I 
C W-KWT DATA tC'.rmva T l STATICAL UNCCPTAII4TY 

M 4 I T H L ' l . ' I ' H L 
WQVIT.M1VFUTHI I 
SUUPE-J.I 
s i m P c F * j , i 
THLUTHLI-AMr, (TTHl l 
T>THU1THII«J. ' .>174533 
CT.CJSITI 
S T . S I N I T I 
m 3 I V I V S . M V 
V K I \ / , I T H L I . C L ' l A T I l V - l l * O V « V n 
vxu v. ITHLOVKIV, timber 
V Y U V , 1 T H l » . V L ( ! V i I T H l » « S 1 
PF( IV , ITHI ) .PTF-> I0 ( IW, ITHL) 
I F I P F d V . r H I I . I E . 0 . 0 1 P E U V . I T H l f O . O O O l 
P | I Y , I T H 1 . I » P ; ( I V . I T H L I 
! > S U K r ( I V , r T M t l » 5 0 » ' ( P € < I V , l T H l l » V l . i r y ( I T H L H 
I F d J V I T I 1 , 6 , 3 

A MPT?.NPTS»1 
SllMPEr«SU'IPFr»OE(IV.ITHLI/YI C I V . I T H U 
5UMP'.SII>"P(.»Pi:t|Y,ITIILl«Hr !KHT|1V,1THI> 

3 O M T I 1 I I " 
!F (M1VI T > 4 . 7 , * 

7 SIIHE;UTMU«SU"IP'.'? 
SUM.SUH+SU^PE 

4 CONTINUE 
DlVFAC-SUV'MN'lRM) 

C 
C ESTABLISH IIHITS FHS FATBAPOUTtON AND CONTOUR HAP 
C 

[TLO'O 
ITHI-0 
I F I T H U H T H L I . I F . . THCI I T H l - l 
I M T H L I I I . G E . THCI I T L " - 1 
I D Q I T - l 

7777 CALL Al I H I T | l O D I T . t T H ! • ITLDI 
i n n i T O 
FOR.0.0 
00 25 ITHLM.NTHL 
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M1VIT.M0VEIITHII 
SUHPF.0.9 
00 20 IVMVS.NV 

_F-0.5_ . ___ _ _ . 

VFLtlClTY AVEAP.GING (.HOP. 

C U K HP 
c i»a ™*. '*_-?» <•.** y*( ,A'?*.' , .'l? ! ) ,»s _ 

no is UK«i,NGMn 
IFIITOIIJKI .NE. 01 S i i ' n 15 ~ 
UXl.VXUV.lTNU-CXUJIll 
UYl«VY < IV .ITrti. >-fV( tJKI 
UX'UXL«CnST»l ljm«UTl*SINTVIIJIC| 
uv»uxt»sisfviijK'i»iiYL»'cds'rviiJ«T~ - . . -
VXI"IJX*Cn$rvNP»UVA51NTV*l»»CXNP 
VYI»-UX»SINTVN»»UY«"CO?TVMP»C»<W 
VI»SOaTIVX!*VXl»VVI»VVI I 
T t>ATtN2<VVt .VX I I / 0 . '> l74<33 
CAIL I N T « X T ( K I i T I , P I l 
F>F ' iF4BSt lJKt * IVL" I IV i lTHLV/V( IM2<Pt 

15 CONTINM? 
P F I I V . I T H t l . c 
SU>1PF.S1I«PF*F/»LI I V . P H I I 
IF INOVtTI 2 f t . l 2 . 2 0 

22 ; F » » F R J » l | P t ; ( I V t I T H l l - C | « W - t G H T < l V , T T H l l l " 2 
23 CONTfMI: 
23 SlMFFIITHll .SI IMPF 
2 * Cn«|TIMII>-

PP.o*100.0*SaFT1NPTS*SFat/3U* 
«IP|T5<6.11181 IT.FJRS 

IJ18 «nRM»T[ IH3 > »IT;R»TI ' IN NMMBSG • • , I 2 , « ERROR • • • F T . 2 1 
C 
C CCW»KT I f S * 1*11 W ">Y " A I M VF1H-10. 
c 

00 250 tTH.» I .VTH| . 
DH 25(1 I V - 1 . ' I V 
I r l P E I I V . I T H L I . I T . U J C J 3 I 8 1 TO 250 
P« IV , tTMl l * P < l v . ! T M l l * P e U V . I T H L »/P*< I V t I T H L I 

250 COMTINUr 
C 
C TITPUT P'SOLTS. 
C 

5OJ0 NPG«'lTHL/1 
IFI3+NP5 , L T . f l-HLl NPG.NPfUl 
D" 61 IPMiNPC. 
N T l » 5 « U P - l l » » 
N T 2 . M I N I I N T l » 2 . t ' T H l l 
W»ITF16.11301 ( T H L I I T M L I i I - M L . N T l . N T i l 
KP ITr tA .10311 
Ori 55 IV - IVS ."IV 

55 J P I T ? ( 6 I 1 ) J 2 1 I V L ( l U . I T H L ( , r F I I V , I T H L | , P F I ! V . | T H I . I . P l I V . I T H t . l , I T H L 
1«HT1,"«1T'I 

60 C H N T I ^ r 
W ' I T - ( 6 , 1 0 > 9 1 M'PTS 

1021 F,JRM»T(IHJUJ,» 0AT4 P lIN^S*) 
"1010 FlfiMATIlVHOLAn J ' I G L e . l U 5 X , F 6 . l , | 8 X I I 

I I 3 1 F1PXATI lHU,3(3«3HV..l?»'.H-XP'6X«MFlJLn6XAHUNFaiO»X|l 
1032 F 1 P » A * O ( 3 X > F 5 . 2 > 2 F I 0 . 2 > 2 X . F 10 .2 ,3X1) 

W » m i f > . l H 5 1 
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11.1 f 5 ! ""L" l t ' !TM| . 

61 u ? | T H t t l 9 3 s l T » l . I I TH1. l . I l u - = ( i r H l l / O I V F * f , 5 ' I 1 C F ( 1 rHI. I / S I W F ||„npM 
t l 

A« C 1NTPM. 
10J5 F JP« lT t lMT, lHx , *L ' .^ .^JOilin 1 !S. l ! * ! - l l JTT- i^« / l6X.« T HFTi** f lX , * r XPr*.HX 

l ,«C«LC>l 
JJ?0 ctiUntTUH , 1 > X , e U . l , . * X t F l ) . 1»2X«F1 >. Tl 
1021 ! T - ' I » l 

I f l l t . 1 7 . I T x f X l V I T , 7777 
C 
C ro^pi j f f * V - ; 3 A G F <"" '''.';uL'.-t •*.'•» v-f-~.}ry T I S T M e ' i " ! ' ' 1 5 . 
c 

i P I ' - i ^ . U M I 
11)4 F r m m p u N O i M r n i . t . ' - i ;y- n " r s s r c T ! ' i t 

i n 70 iTHi> | a : :THL 
nn 7J I v » I v s » - i v 

70 P I I V . I T . I L i ' " i ' v , r > i ! « i ( v x ( i v , i r i L i - : x » p » « « ? » ( v » ( ! v . i T M i . i - . : y H P i « » . ' 
l l / » L I ' » . I T H L I » » i 
M i l C'.'.t 
i v s » i v s i > - v : » > / . i v * l . i 
I F H H C T » L ? . F O . )> G-i 71 l . l l » 
» » t ' ' ( A , U 1 ) l 
* o r T r t . ' . . i i o o > 
I T U ' H 1 r » l . * l = 
W » | 7 r < A . l l l J I ' l i F ) . S I G " » l i r j 

1200 I'jMTI.'luf 
Mo.) < \ I C < 1 4 T I I H . I 1 » r« i*s s r r * ! C \ 45 1 < - i n c i ' ' u r ; f c P L i i s n u . L">i..-iCY«l 
1 U 3 F ^ « H T I I H , * j j f ; r .v ^r * iMt . j 
L i IC I F i n « « r ( 2 F i n . ' i 
1 ) 5 1 TF(=r.*AK ,?r ) . I . ) ) CI TV l ' i .2 

w * f " ( A , 121 J» "P^iv 
1210 F 1 J * A T [ L H n r . •••<>*:.¥ « . . F l u . , ? ) 

M « I T - < 6 . 1 M I I ' ! ' • ' " 
U 2 J F - H « » ( 1 H J , » -7?<;n , V U . J I 

*«Tr = » 6 , l 2 M t a-'rfl.P IW2 
1230 F l » M » T | l " J . » PT.vl ' » . F } . 1 , » rSil = ' . F U l l 

r 
C C r « 1 l > PI. IT C C'.i'S S t C T l l f . 
C 

10A2 W'1TF(( , .1 J » ) | 
1060 Ft .?*tT( |H<l l 

C 'L l i r i | T 3I IP. 
fW!T = ( 6 1 U 7 0 l 

107il e iMOtT l lHPI 
a r » i H 3 , l O - H > K.TJT 
lFCCO'lT .NF . 01 H? T1 If) 
ST)P 
END 
S'JRBIIITI^F CtlF'.n 

C 
C '"•.(.'•'JLAT'-S M-HTOV 0I4r,^fl«S tr-iO TH.'fP W.1GHTS 
C 

r iHt1M/ -SCAl .S /TtSC»LE. \ = .=,StGHA 
CrjXinM/'ISHTIN/MVP.llGSM.r.B.GAMIIt.HrllrBtVPAe.FABG.CX.CY.CnSTV.SINTV, 

HT5 .H3a lO ,M n . THC.eoE5K. : !E i ;n ,P?wl , ' " i J2 
C1M«1N/PICTUPE/Vl,V2>nxMP,CY»P.C3ST«')P,SI ,.TV«P 
n l H E N S I l l t I2 I> I .SIG«4<23I 
nlMENSICN F»t>GI ' .n0I .CXU0Ol ,* .Yl ' .O01,r .DSTVl410l ,SlNT«(<.O0I . ITPI*OO| 
nln=MSI3N V I J I 2 < ) i 2 l t F B I 2 . ) . 2 ) . G 4 H ( 5 ) . P G ( 5 l , » » E I . ( * J a i 
DTM-N^lIN MVn(2),VP«a 1 5 . 2 1 , A U 2 1 , » l 12 >.GB< 2 I 
G l ' G B U I 
C 2 . G H U I 
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- 1 4 1 -
G.01*02 
' jF.l». 'BltC2«.0Oll">5/G 
*'H = V.AM/2*.l 
cf>!H* IM 
OP I K = l , 4GM 
r,ft'4|K 1 =--,A"M4+FL.<lT)K-NHJ*H^ir)H/FNH 
F C ( « I = 1 . 

I IF (H> l f>» .MF.n . l *G<K>el.-Ab$<GAM<KI-r.A<<MAl/HHl03 
m VJ l « l . 2 
'!V1=1V"I L 1 
I F ( V » A - I 5 . L I I 2 0 , 1 5 , 1 0 

10 F'JM = SMax: ) ( *V l /2 , l ) 
nn 12 !»1,NV1 
VP.U ,L l=VPAM l ,L»*FLJATI [ 1/FNH 

12 FA| 1,11*1111 STIVPt I ,L I iVPACIJ i t . i l 
GT T 1 .1} 

IS r.tMsVP4'<lfLI-VPA°.('?" l'L"~l " 
n i / = l . - V P A » ( 3 , l l 
» J ( l l « l l . » V P » » ( 3 , l l l / G H " l 
» l l l l " l l . * V P » ' > 1 2 , t l l / G » 1 
AO(2l-- .W/GMfl 
A l ( ? l = ( l . - V P « a i 2 , t l l / G M U 
n v - J . / I ^ V ' F L O A T C J V l H I I - . - . . 
f l H = l . / r ' V f 1 . 
0 V = n v / A J ( l l 
O'T 17 I M t N V l 
K' l .oFL. '6TU- '4HI«0V 
« H I ! , l I-". •"*" I l .L J*fi 
11=1 " " 
I F ( i i . r . * . i . i n = 2 

17 t»ii,ii-somHumw» 
G") TT ^0 

20 «L 1»VPAS I 1,L I / S O ' T U . f I VP t=<2 ,1 .1 -1 . I / 2 * « V P < H 3 , l l « 2 > 
V F » 5 W I V P A R ( 2 , l . ] / 2 , l _ * V P A P ( 3 , i . l 
VPK«IVFfSORT(VF»«?»*.11/2. 
FN0^M* i«P I (VPK-v r i * "? | /VPK* *2 
DVx"3.33022/FLJAT(H«lH) 
NH»*fVl /?*l 
on 22 l » l , ' l v l 
P = VPK + FLC1AT< I-Nw|»0V 
V P ( ! , L I s A L l * P 

22 Ffl< l , L I = Fno<<'**P**2* c .XPf,-<VF-a.l*»2l 
30 CWTIHUF 

FMP<0a 
N V l - I V m i 
NV2-NVS12I 
I J K = O "" " - • - . 
DO * K*1,IJGAM 
G*1K*f» AM | K > * . 0 17*533 
CG-C0S1GMKI 
SG'SINIGMKI 

_DO 4 I f l t N V I 
Vl«vCTf,'U - . - - ....-

_on *_J;1>.N!!S_ _ 
V 2 - V B ( J , 2 * ~ " ' "" 
IJK=-1JK»1 _ 
VPt-L<rjF;l!"lVl«*2*V2««2-2.«Vl*V?<>7;Gl " "" 
V«SO°T[Vai;L(IJKI I 
PCflU-VRFUIJKUSFAC 

C 
c ENTRW'wTiSHTis'irorco'osTTEfTTdN - inTOTeETO' "SfcsrrVhrFuRcrraKiA"!. 
C FORK YOU OESIRF. 
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M*TE"l.t> 
IFIEFEttKI 9 9 9 9 . 9 9 9 9 . 9 9 9 * 

9996 SAS* • IEPEAK-ECOUI 
1F1EASYI 9 9 9 9 . 9 9 9 9 . 9 9 9 J 

999a tF(ECOll-E2EI«OI 9997 ,9997 ,9998 
9 W l J « l f 9 « 0 

GO TO 9999 
9998 W»TE.1.0- IE*SY/lEI»E>K-EZEI»qil»»Pmil 
9999 f= tBGI IJK) -V«FB( I , l ) «Fg(J i2 l *FG<K)«EF<CIECa iL t«H«Te 
9996 C X < I J K I M G I « V t « G W * « S » / S 

C Y I I J K I " G 2 « « « S G / G caiiynjiiK-i*i.-Yi«caitt __.._ 
SrNTV<IJK»»V2/Y«SG 
I_F1FMP,GT,F»BGJJJKJ >_ GO TO i 
FHP-FABGIIJK1 
HP' IJK _ 
IHP-T 
J M P ' i . . . . . . . 

4 CONTINUE 
NGRJO«N,'l*NV2«NGA>t 
[JK«0 
iiaf»i'HeuL _ 
V2»VMJMP,2I 

. I £ U ? S C » U » 7509t600Ji75JO 
6000 IF<EPE»M 7500 .7000 .7500 
TOOO CAU " P I J O I V S . F B ^ M P J J U P . Y I J V Z * 

MP«NGRID»1 
_CX(MPI«GJ»VJ/& 
Cr (MP| .G2*V2 /S 
C0ST_V4«P)«V1/V 
SINTVIMPI-V2/V 

7500 V»SQPTIV(*»2»V2**2] 
NH.O 
SM*'_Oj . _ _ 
FMP«0»05*FMP 
nO 65 IOK. I .NGRII ) 
[ T 3 ( I J K I « 1 
I F ( F » « G ( I J K I . 1 5 . F M P I GO TO 65 
I T J ( I J K I - 0 
NH*NH*l 
SUV.SUHiFABGHJK) 

65 CONTIWF 
DO 67 IJK" l ,« IG»!0 
I F d T O d J K I . N E . O ) GO TO 67 
F»8G( I J K ^ F A S G M j i u / S U t 

67 CONTINUE 
WttI TE 1 6 . IvlOOl 
I J K O 
fSrj 8 K« l . N G A M 
00 3 I ' l i W l 
0 0 9 J M . N V 2 
I J K ' I J K U _ 

" i F t i r n ( r j K i . « i E . « i an T o s 
THC"ATAN(CY! IJKI /CXUJKt ) / .0174533 
FRF . l .GFAOVaFUUKI 
WR[TE(6,1JI>1) V A I I , l } , F s n , l l . V a i J , 2 l , F B ( J . 2 l , G A i l K ) , F G ( K I , F A B G ( ! J 

IKI .THCtEREl 
» CJNTINUE 

T H C » A T » N l r Y I « P ) / C X I » P | l / . 6 l 7 ' , 5 3 3 
E1E1.*GF4C«V«V 
U9!T '=<6, I002I V I , V 2 , T H C . r t F L . N H 

10')') FC8MATUH06X2HV17XfHF(Vlt612HV2 7X5HF(V2KX5HGAM»A6X*HF(G)3X10HF(Vl 



l,V2,GI4X3HTHC»X*HERFLI 
1001 FnRHATI6F10 .2 .F10 .4 .2F10 .2 l 
1002 F 0 K H A T I F 1 0 . 2 , l 0 X , F 1 0 . Z t « O X . 2 F l O . 2 , » (CANONIC*!.I» 

1 /1H09X15. * NEWTON OIAOHAMS*! 
RETURN " "~ 
END 

C 0ETERH1NFS ENERGY WEIGHTING OF CROSS SECTION f«OH TAM.E Of" 
C EXPERIMENTAL VALUES _ 

FUNCTION EFACIECOLLI 
C 
C 

_C 
C 

CflHMON/f. SCALE/1ESCALF.NE.E p SISHA 
OlHENSIlN E(?Ol i5JGH»(20 l 
IF ( I E SCALE . N t . 01 W TO ! . _ _ _ _ 
EFAC-1.0 
Rf TURN^ _ _ _ 

2 00 10 U ' l i N i 
I F I E I I E I .GT. eCOLll SO TO 20 

10 CONTINUE 
2 0 I E I - I F _ . _ _ _ 

if l ie i .EO. ii s o n JO 
I = 0 » I F - l _ _ _ 

" f F A C - ( S l & « T T a i - S T G M A n E d l l / I E U m - " L f i F y M » ( E C " Q l . L - E " ( T E O " f . 
1 » SIGMAITEOI 
GO TO 40 

30 F.F«C»0.<> 
40 RFTllkN 

END _ _ 
FUNCTION UnISf<U,f>AO> 

f PAPAM=TP»C FIRM FOP V c LnctTV DISTRIBUTIONS 
C 

0IM«NS10N PA<MU 
R«U/f>ARU> 
[ F I P . G T . l . l B l TO 20 _ _ 
A=OJ1(2l 
R=PA«(3I 

10 ALRsAL'IGIRI 
UOTST = FXP[A*IALR+l l.-FXPIB*ALR I l / P I I 
PFTIKN 

23 A=PA<M4I 
B=PAR(SI 
Gtl T1 10 
ENO 

C 
SUHKCUTINE MPN1IVf t tFP. t I tJ tVl .V2l 

C FIMOS CAN.WICfil. NEWTON OMGpAM _ _ _ 
C~ V I ,V2 APS FOUNiVwMICH HAXIMIXE V'R »*S"*Ni *N?~ 
C 

niMENSMN V I H 2 0 , 2 l , F R I 2 0 t 2 ) 
OIM-NSIHN A ( 2 ) , n ( 2 l , C ( 2 I . V ( 2 l . n V ( 2 l , F ( 2 l , O I 2 , 2 l 
a r i ( . N 
(IflTA S / l . / _ 
f F l r . F O . i r n S . J . ' E O . l f Bil"T(5 & ' ' - - - • - -
On l L = l , 2 

1 F I L . F 0 . 2 I H=J 
"H=VRC"*1.L)-VB-(M,LI 
A ( l l " ( « e l . N » l . L I - 2 . » F B ( X 1 L I * F B ( » l - l i L » l / l 2 » « H j » » 2 » 
MO»iFS(3* iVl ) -FP' (> l i r ) - )?-H-A"l l ' ( * t2 . -»VR7M,L") tHI ' ~ 
C I L I « F H ( M , L I - V » ( » i l . I * I M L l *VB( * ,LH-R(L 11 

1 V<LI = V t M * , L I 
2 VO=V(LI**2*V(2I*«2 

http://MPN1IVfttFP.tItJtVl.V2l
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01 1 l - l i ? 
•1 • - < 1.1 * V 11. I • I •> 111»V R I * > < 111 
n2 ' l»2 .»ML> 

f ( L I ' V I l l + v « » * / S 
01L , L J * 1 . • I" 2 . *V ( L I * - +V* ° I r;»',/. j - a * *211 / l 

n i •> L - 1 , 2 

i ? V | L I - t f H I - " ! ? ! " ! • M 2 1 ' . K l . - l l / t L l ( I .L > » n i J , l ' l - r H 2 , L | » n U , l » | ) 
V t L I - V I l 1 - iV IL > 
I F l a q s ( ! > v f £ H . r T . l . - - j r M I ) . . i » . « 4 S i n v l 2 I I . G T . W ° - 3 * V I 2 l l 03 TP 2 
V i«V(1 ) 
VZ*V(? I 
kE T 'J f»i 

6 V1*VP(T V 11 
V 2 " V 9 f J , ? » 
0S*|J3M 
«MT 
sn*n j i f t N c 

c 
c FI*inS L I M ' T i 
r D-TT-^'^I ' t- i - , 
c Ti-ltt 4Mf,t IF : 

A L I n l T l l n i l J T i I T H ! ! ITI >l 

crje -xTaaPJlftTInw IN SUM1UTINF INTFXT 
5'IC.r " f v. ,1*. V ' l D C ' T I E i »ND UJGIFS UHICM cnftP.ESPUN"S TO 

CHM1WI I •*l r<i/i)TH.^' rL.i>T:i,^IT»THMIN* t 'JMIN 
"•-»Mw:jN/jrt ' i /vLt TML,riv»nv.v , ' I T H I . . 1 V S » V S » V S P 
CnM* I-J/PIC 7 r C /V1 ,V? ,C X«P.CVHP tC.1STVHP.SINTVMP 
C H H n \ , S ' ^riLV, /VX,VY 
m » = N s r » i p = i ' i , i J i . » n o , i o ) . v x ( 3 0 . i » i . V Y O O . I O I . V I U O . I O I . T H U I C U 
" 1 I " K .1 ,J 
J . l » | « - l » * | V T H L - L I 
J l " J » l - 2 » l > - - l l 
!>!?H.TML( Jl l -TMl l J l 
K iJ4T>J 

-m 6 1V«!VS»'4V 
0 : l i ' M » P U V , J l S - ° ( I V , J I 
I F l'i-'<'t i .'. c. n.o> r,-> T n 6 
t i r . A B M ° l I V , J)«nITH/OtN?Mt 
S I M O I T ^ S I H - > ! * • " * 
K H I N T - I T n r u * i 

JFIICIUMT . f ' } . 0) ri01TH6li)A89l 
e8«9 F1^^&T(lHJ,«ERR1-i l-J LIHITIMG ANGLES *OUTINF«l 

DT-S'HCin/ ICi 'UJT 
IFCK-2) 7 , f l ,S 

7 OTL.nT 
r.Cl T-i 13 

3 f)7H»rT 
10 CnyT»*n? 

I F ( I D 1 [ T I 2 0 ) , ] < K > i 2 J 1 
23J l F I I I H I ) 1 1 , 1 1 . 1 2 

12 0 3 14 K>1 ,2 
I « J l / « i M K - l l « l ' l V - m i 
Ox i»VX( I .NTHL I - rx«P 
DYL-VYI 1,«JTHLI-CYMP 
U K ' i m ' C O S T V M P - i m t S t N n M P 
UY-UX(.«STNTV«P»UYl»C1STv>IP 
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TH.»TK4J(UY,UXI 
U2a|JX«U<tU**UT> _ 
US.S0ST(U2I ~ " 

_ 1 M K - I > _ 1 5 i l 5 . i * _ _ 
" fF TH«IN«fH ~ 

<>3 TO IJ _ _ _ 
U IHMJX.TH 
13 CnWINlK _ 

oif«ir««x-THiii i i i) /2b. 
GO T1 20 

w i f f lU 'T t " i6 . i t ; i i r " ' . . . . . . . . - . . . 
IT "W 18 *mi,Z 

I»t"WS'* ««-11 • i"NV-1VS » " 
UKl-VKU,11-CXMP 
U Y L - V » U . I I - C Y M P 
UX»UXl»C )STV»P;JYL«5tNTSIMP 
<»»UXLVSTHTV*P»OYC«T(JVTV><P" " " ' " •""' 

U2«ux«!tt»ur«uv 
TH.»T»"I2(UV,UXI 
US-SQilTtUJt 
I F I K - t l 1 4 , 1 9 , 2 1 

19 TH>I»X«T« 
"" GO to in 

21 THMIN-TH 
Id CONTINU; 

O I T . ( « . 2 M l 9 - T H H n » T H » « X I / ? , > . 
GO TO 20 

16 T H H I M . - 3 . 1 * 1 5 9 
l l " l N . J . J 
DITO.Jl*t59 
SO TO * J 

2J J»ITHI«^THL»ITLJ 
UHI'1'1000. 
no JIJ !>ivsi>«v 

' i » « s 4 « r ( i v x i i , j » - c x > i f ' ) » « 2 » i v y t ! , j i - C Y , < p » « « 2 ) 
IF IU-UMINI 3 3 , 3 0 . 3 0 

33 IIMtN.il 
13 CONTINUE 
40 U » \ X " 0 . 0 

0'i 25 K - l . 2 
I M V S H K - I I M N V - I V 5 I 
OH 23 t » l . ? 
J - l » l l - l l « I N T H l - l ( 
U - S 0 P T H » X l t . . l l - C X M P | » « 2 » m < l , J I - C y M P I » 2 l 
I F | U - J » « X I 2 4 , 2 3 , 2 9 

29 u m x - i i 
23 tONTINIJ* 
25 CT*Tt«ll!= 

ntU>(lM>X-U<ttNl/2>l« 
3J3 TTUVJ 

=N0 
' i neOUTlN i ! N T r X T | V I , T l , P ! | 
r T4rtoN/A<**AY/Pe'»P 
C 1 9 * l V / l l u l T * / o r i | , r i T l , 0 t i J , D I T . T H * l ^ , l J M I > v 
C M M W l " ) W L ,THU , ,4V,0V,Vr.,«lTHL .TVS.VS ,V$F 

C !NT cHP1LA TnN-?XT««o'. 1r.ATICN «1UT1!I U 

C 
' • I M t f M IN T H L I I J I . V l O J . U I . o l > J . l ) l . e c l 3 J , U I 
I I M C ' I J l i . J M t . l L 1 . IH I 
I•« VI-V'I/DV»1. 
0" 5 K»l,*TNl 
J - X - l 
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I F I T I - T H L I K M 6 . 6 . 5 
* CONTINUE 

J-NTMl 
4. U2?_UiI±J . 

I H I - I . C E . N V 
J l O - J . l T . l 
JH tO .G: .NTHL 
l - H I N 0 1 S V - l , H » X 0 ( l , I H . . 
J»H!NOINTHL-l .HAKOI1. - I l l 
IE«I 
J 5 - J " 
11 -1 *1 
J l - J * l 

C LINTA" BIViMATF: INTERPOLATION 
O V I V t - V t l I . J I I / H V 
O T « ( T ! - T H L ( J I J / ( T H L ( J | l - T H L I J H 
OMIn»ov 
oun.QT 
IF I J i n l G1 TO 30 
I f ! JHl I G'l T" 35 
I f I I L O I GO TH 20 
I f ( l » I I GP T1 25 
P I - P I l , J l » O V > | l > I I i , J I - P I I . J I I 
P 2 * P ( 1 i J I ) * a V * I P I I l i J l l - P ( I > J l l l 
P I»P1*0T«|P2-P11 
PFTUP.N 

C EKTStPOUTION UMSJRES TW.T INTFNS!T[FS •'SE IINFAS 
C 0* Zr-"J, A'lO OfcCPFASE AS V**2 NE»k V«0 

10 ( F I J 1 0 . i R . J H M P I - A ^ I N K P I . P I I 
P I ' A H l x K J x P I l 
P tT l^H 

20 P l " P ( I . J I * I V I / V l l l , J M * * 2 
P 2 ' P < I . J L I * ( V I / V L < I . J l l l * * l 
P 1 " P l * 0 T * « P ? - P I I 
an TO 10 

25 I M l > T . G t . . S » G" TO 27 
2*. P I - P f U . J > * ( l . - C V I * t P < I . J I - ° < l l . J I I * O T * ( P ( I I . J l l - P I I W J I I 

G" TO 10 
27 P l - P d l , J l l » l l . - Q V I * ( P ( t , J l l - P ( I l , J U W ( l . - O T | . ( P | ! l , j ] - P ( I | , j l | | 

Gu TO I J 
30 P | . P | t , J I * 0 V * | P ( I I . J I - O I I . J ! I 

« > L - P 1 « I I . - ( T H L ( J I - T U / 1 ) T I I 
1F<ILOI GO ' 0 20 
I F I I H I I C." TO n 
IF I0V.1 - .T . .5 I GO TO 26 
P I . O l » 0 * « | P H , J l | - P U . J l l 
G" TO 10 

35 F l . P I I . J l K Q V M P I I I . J l l - P I I . J I H 
P l - » l * l l . - l T ! - T H K J l l l / O T H I 
1*111.01 GJ T1 20 
i n l u l l on T.i 25. 
I F I 0 V . G T . . 5 I Gi TO 27 
P I » P I * ( l . - O T I * I P ( I , J I - P I I . J l l l 
GO TO U 

c 
C P J T \ T ? o P I »T FOP C « ' ! 5 S * . <" T T. - • I . 
r 
f 

fT4v(Q.j/ftC5ftV/pc.D 
C.T4M >»l/PtC*U3E7Vl,V2, r X l , P,rvMP,C0STVHP.f INTVHP 
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c ^ o ^ / . j m / v t #rHL*Nv t [ V tV - i^Tu i . I V S . V S . V S P 
C THJM/JFSUVr /VXtVV 
OT«"NM IN P ( *0 ,1 ' J l tVX I J i t I H fVV I JJt I * > , V U i , l , m . T H L [ l ? ) . P £ < 3 t » f lu> 
I J I ^ A I S ! ^ r H A « ( 2 1 l v 9 i T ( l ^ J l 

r 
U4T4 C M H / iHOtlHl t l H d , IH3, IH4* I M I , lM4 t IH7 , lH8 i IHQ, IHA t IH>? , IHC » LHQ, 

H H ' i l H r , ) H t . v i m f , l H l t 1»'J| lHK/ tBL.F.M(/lH / , T v t f / lHt / » C M / l H S / ( 1 * * / ] H«/ 

PM4X*0*0 
VXHAX«J. 
v x i r N - o . o 
VV* f tX« l . 
VVMI'I" J . J 
I F W 1 - V 2 ) 13*13 ,12 

12 VY*AX»V2 
GO Tr] 19 

13 VXMfiX«Vt 
1$ O i 1.1 J»I»NTHL 

IP{PMAX-Pt I ) J I I 1 .2 .2 
1 PM£X>P(I*J) 
2 I f f VX*MX-VX< ! ,J> I 3 . 4 * 4 
3 V X * * X « V X U . J 1 
4 IF (VXM1' | -VX<T,JM o , 6 . 5 
5 V X * n « V X I ! , J > 
D I F ( V Y M i X - V V M , J) t 7 .H.9 
7 V Y ^ l X ' V Y l ! ,J» 
f. I»"<VY-1I l -VYl I , K » l J . U . * 
« VY«[N»VY( ! , J» 

L> T l ' JT | H I - ; 
A M Z J . / r n *x 
D? 11 J - l .NTHL 

V X ^ n « l ' 1 I ' l l ( 1 0 u , V / X - t l N t 
V Y M i r » r M r u M . . } , V Y V * ' I I 
VX*4X«V-<£XnVXf]tX»CXMP) 
V V * U X - m A X l ( V Y V X , r Y M P | 
VXM*X*VX«AX*#I 
VVUX»VYMftX». l 
VX I I ' l sVXMI ' J - . I 
V Y M I ' U V Y f l . ' l - . l 
0VX«VXMM-VX'11N 
nVY»VYM4X-VY'MM 

C 
C OJ-TGH»INr NH1CH npIPmT *T t J ' i »F P i I ' l T E * PL 3T GlVFS G*SATPST Rt-SPLUTION 
C 

I F O V X - i W Y ) 2 2 . 2 1 . 2 1 
22 DVX»DVX/U«», 

S r U L « n t f X n O . 
H K t T = ( 6 , i > i n s e n ; 
o v v - n v x / , 6 
I-VV^AX/TVY 
VV»WX»T*nVY _ _ 
t»VX"*W/DVX 
vxH|_rj»T*nyx 
l("M4X«(VVM4X-Vr^!N")/ rlVV*Ul 
ft0 T 1 IV 
SC4t :«"VY*10. 
W«1T C I 6 .15J» SCALP 
n v x - n v v / . a 
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l»VV4AX/l)VY 
VY*4X.T«0VY 
I.VXMIN/DVX 
VX'MM.l.-»1VX 
K^4X* lVX* : iX -VX1l< l l /0VX* l . I 

U o y o . 5*1VY 
"x»3.5*:>vx 
IHOVX .GT, OVVI C- "-1 ^0 
i n i l K,*l,KMJX 
V f I«VY"SX- C L i A"1X-1)«DVY 
00 2.) L " l , 1 2 0 
VXl"VX«!M«-*-L 1A"(t.-l»*0VX 
I M A & S I V V I I . L T . IV . A j i ) . VX! . L T . VI * .4ND. VX! .Gfc. 0 . .AND. VXHA 

IX .GT. V ! I 81 TO IT 
I f l A O S I V X I l . L T . OX , 4 N 0 . VYI . L T . V2 .AMD. VYI .GF . 0 . .AND. VYHA 

IX . '"» ' . V2> GO TO 16 
JFIAPSICXIP-VXI I . L T . D X " . 4 r 6 . 19SICVKP-VVII . L T . OYI GJ TO 18 
VT*SOSTCVXI«VXT*VY!*VYII 
I M V t . L T . VS!> . I f . . VI .GT. V L I N V , l l l - G O T" 15 
T I . ( T 4 N ? ( V Y t , V X ! l / > I . J 1 7 4 5 3 1 
I F I T I . L T . T H L d l . O i . TI . S T . THUNTHLI I GO To 15 
CULL t 1 T r X ' ( V l . T l t l > I I 
[O .P I 
I>BTILI*CHA<Mip. i | 
GO TO 2 j 

15 PaTILI'DLA-'IK 
GO T I 20 

IS PFTILI 'TrfO 
GO TO ?0 

17 P ' T I l l " O N v 
rn TO ?3 

13 "«.T(LI«CM 
20 CONTINU" 

K P I T E C i l O J I <<M>TU>iL>1.120l 
Mi CONTINJ*: 

GO Tn 3Jri 
50 On HO K«1.KMAX 

VX[ -VXrlAX -FLO AT(K-11 «OVX 
DO 70 L = l i l 2 0 
VY I -VYMl^FLOAML- l i aOVY 
IF|APS<VY!1 . L T . OY .AMD. VXI . L T . V I .AND. VX! , G E . U. .ANO. VXHA 

IX . G f . V I I GO TO 67 
I F ( » B M V X i > . L T . DX .AND. VYI . L T . V2 .AND. VYI ,GS. 0 . .AND. VYHA 

IX . G ^ . V2I GO TO 64 
IFU8S1CX1P-VXI I . I T . OX .AND. A6S(CYMP-VYII . L T . OYI GO TO 66 
V!»SQST(VXI«VXI»VV!»VYI I _ 
I F I V I . L T . VSP .OR. VI . G T . V L I N V i l t l GO TO 65 
T I .AT«N2(VY I ,VX I IA> .0174533 
I M T 1 . L T . TMLI1I .OR. T I .GT . THLlNTHt l l GO TO 65 
CALL I N T E X T C V I . T I . P I I 
I P . P I 
M T t l l " W » « ( I f H I 
GO TO 70 

65 PPTILI.flLANK 
GO TO 70 

67 PSTILI-TWT 
GO TO 70 

66 Pf.T(LI-ONE 
GO f o 70 

m p P T i i i - c 
TO COST I WE 

KBITf ( 6 , IO i ) l ( P R T ( L I , L . l , l 2 0 l 
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»J CONTINUE 
300 WRITE(6.101I WXH[N,VX"tAX,pVr,V»«IIN,VrHAX,OVT,£HAX _ 

RETURN 
100 f n i n A T H 2 a A i i _ 
101 F0RMAfllH04XSHVXMIN5X~5HVXMAX7X'3MT>YX5X5HV^^ 

IAX/SF10 .3 I 
ISO FOR»AT(1H ,13M ONE INCH • . F 6 . 2 , t 5 H X 10000 CM/SEC/ lHOl ' 
200 f O M A T U H l . t DIFFERENTIAL CROSS SfCTION*) 

END 
C _ 
c ' ~ . . . . -

S'lPROUTINE C«C? 
C 
C CALCULATES C.X. VFLnC ITTAVEKASEO ANGULAR DISTRIBUTION AND ANGLE 
C AVERAGED VFLTCITY DISTRIBUTION ONLY FOR RANGt OF C . « . mOCSTY AND 
C ANGLE SPACE EXPL10E0 BY EXPERIMENTAL OATA 

'c " " ' - - . . 
COMMQN/ARRAY/PE.P 
CO«Mn\|/l_I*ITS/OTH,OTt. ,0111,BIT,THMIH.UHIN 
COMMOT/'WO/VL.THL.W.nv.Vn.NTHl. IVS.VS.VSP 
C0«MnM/PICTURC/Vl,V2.CXHPiCYHP,COSTV«PtSINTVHF 
C0NM0V»ES3L VE/VX • VV 
i>I«SNSI1H P H ( 2 0 i , P f (20> ,P I 1 0 , 1 0 ) , PE 4 30 ,101,THL1101.VXI 3 0 . 1 0 1 , VYI30 

L i a l . V l t 3 0 . M I 
c 

n i 21 T u - 1 . 2 0 
P T t I U I . i l . 

21 » U U U ( - J . 
TH-THHIM-OIT 
no 3u i r « i , 2 0 
TH-TH.01T 
s - s n i T H i 
C C I S t T H I 

DO 29 n i - i . 2 0 

ux>u«r 
HY»IJ*S 
vxi«iix*':oSTvMp*iiy*srNTvMP*cx'4P 
VYI«-UX*SI*ITVMP»'JY*CnSTV-'P+CY«P 
v i • s o m v x [ • « P « V Y I * « Z I 
I F I V ! , L T . VS . 1 0 . V! . G T . V L I N V . l l l GO Tn 29 
T I ' A T 4 M 2 f V V I , V X ! l / . 0 1 7 . 5 3 2 9 
I F I T I , L T . T H I I 1 I , r s . T] , , ; r . THLINTHLII W TO 29 
CALL ! ! < T ? K T m » T ! t P 1 t 
P T | I T » . P T I I T | » » I 
PIJIT'tl=PII<TUI."°T 

29 C'lMTI'lU'" 
30 Cl»TlNiJ5 

PTM- | ,n 
P U « - U ) 
m 50 t ' L l . 2 0 
IF (DH-OT H U H 35,• ' .J , ' , ) 

33 »TH«°T( I 'J I 
*0 IFfPU^-Pl t lT ' l l I . 5 . 5 0 . 5 0 
45 PU'4'P'IUUI 
5":| CTj'TIMM'-

i l . ' lHJM-TI ' l 
fHaT»4WI 1-Ti ir • — 
. I " ' . " I h . l J J I 

r 
0 I 63 1 ' l>l .?. l 

http://Lial.Vlt30.MI
http://PTtIUI.il
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u»u*niu 
TH»TH*BIT 
PTN"Pr l IU ) /PT» 
PIJN-PUUUI/PUM 
WRIT? 16.11111 U,OLl( IUI ,PU'- l ,TH/0.0!r4513,PrUUI, f> 'T»J 

ftj CONTIN'JF 
I J J F.lR>lAT(lHJ,l«X,«VFl-|CtTV DISTRIBUTION* ,?1X,•ANGUL«R DISTRIBUTION*/ 

U9XlH'lftX<*HP(IJ>i>X4H>IJ<MlRX?HTH7X,:HPITH»6X*HMr>RMI 
M l FnB1!V(2( 1 'JX,F10.3>2X,F1J.2>F10.3 I > 

*FTsJ5N 
FNC1 
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- 10MBCENT C I 2 / * * • 350* 

BEAM INPUT PARAMETERS 

PRIMARY S ECONOMY 

MASS 
TEMPERATURE 
G»MH* 
HACN HUMHER 
DISTRIBUTION *VPE 
NO. VELOCITIES *W ER* GEO 

35.00 
1401.8 

1.6T 
4 .29 

NOZZLE 
5 

160.00 
3*2.6 

1.40 
4.^3 

NOZZLE 
3 

NUMBER OF IAS ANCLES - 4 

NUMBER OF VELOCITIES AT EACH ANGLE « 

VELOCITY INCREMENT • .SO 

FIRST VELOCITY • 3.03 

ANALYSIS CUTOFF VELOCITY - 3.00 

CONTOUR PLOT CUTOFF VELOCITY > 3.00 

NUMBER OF ITERATIONS HEOUESTED IS 5 

VI FIV1I . V2 K V 2 I GAMMA F1GI f lVLV2, ( i> TMC EREL 
4.93 .27 3.4B 1.00 89.00 .SO .0085 51.32 3.49 
9.33 • 2T 3.B4 .49 89.00 . 5 0 . .0043 60.73 3.58 

1 1 . 2 * .T2 3.12 .49 89*00 . 5 0 .0131 31.05 4.64 
11.26 • 72 3.48 I .00 89.00 .50 .0266 94.02 4.72 
11.26 .72 3.B4 .49 84.30 .50 .0133 96.60 4.80 
12*99 1.00 3.12 . 4 4 89.00 . 5 0 .0207 +T,at 6.08 
12.49 1.00 3.4B L.00 89.00 .50 .0422 50.13 6.13 
12.99 l.JO 3.6+ .49 89 . I>0 .50 .0210 52.83 6.24 
14.73 •72 3.12 •49 89.00 • 50 .0169 43.56 7.T2 
14.33 .72 3.48 1.00 •9 .00 .50 •0343 46.64 T.8J 
14.73 .72 3.14 .49 •9 .00 .50 . )1T1 49.40 7.68 
16.46 .27 1.12 •49 89.00 • 50 .JOT I 40*44 9.37 
16.46 .27 J . 48 1.00 84.00 .50 .0149 43.51 9.64 
16.46 .27 3.S4 .49 64.00 .50 .1072 46.29 9.73 
9.33 •27 3.12 .44 90.00 t.OC .0083 36.22 3.45 
9. S3 «2T 3.40 1.00 90.00 1.00 ,0171 99.06 3.53 
9.S3 .27 3.14 .49 90.00 1.00 .0086 61.50 3.62 

11.26 .72 3*12 .49 90.00 LOO .0262 51.67 4.68 
11.26 .72 3.48 1.00 90.00 1.00 .0535 54.66 4.77 
11.26 .72 3.B4 .49 90.00 1.00 • 0267 57.30 4.66 
12.99 1.00 1.12 •49 90.00 LOO .0416 47.62 6.13 
12*49 1.00 3.48 1*00 90.30 1*00 .0848 50.T3 6.21 
12.99 1.00 3.84 .49 90.00 1*00 .0423 53.47 6.30 
14.73 •72 3.12 •49 90.00 1.00 •0339 44.04 7.78 
14.73 .72 3.48 1.00 9J.Q0 1.00 .0689 47.16 7.86 
14.73 .72 3.B6 .69 90.00 LOO .0343 49.99 7.95 
16.46 .27 3.12 .49 40.00 1.00 •0143 40.87 9.63 
16.46 .27 3.48 1.0 J 90.00 l.JO .0291 43.99 9.71 
16.46 .27 3.B4 .49 90.00 1.00 .0145 46.82 9.80 
4.93 .27 3.4B L.00 91.00 .50 .0086 94.00 3.57 
9.93 . 2 7 3.84 • 49 91.00 .50 • 0043 62.27 3.66 

11.26 .72 3.12 .49 91.00 • SO ;0 I32 52.28 4.73 
11.26 . 7 2 1.48 L.00 91.00 .50 .0264 95.35 4 .81 
11.26 .72 3.84 • 49 9 1 . OJ .50 .0134 5S.01 4.91 



12. 9fl I .00 *.12 • 44 9 1 . 00 
12.99 L i t J 3.*ft l.ilU «i.oo 
U."30 1.13 3.94 . 4 4 91.03 
I t . 73 . 7 ? 3.12 91.00 
14.73 . 7 2 i . ' .a 1.0J >1.0l> 
14.73 . 7 2 3.64 • 4 « 91.1J 
16.4* . 2 7 3.12 • 49 91.00 
16.46 . 2 7 3.48 L O O 91.00 
1*.46 . 2 7 3. 34 . 4 9 91.3a 
13.40 3.40 

43 f.-HTOS HUGH IMS 

I T f * T ! " M N>JM3:K « 0 ERh.io - 53 • 32 

lAfl A«JGLE 10.3 

VEL EXDT F9LP UNFDIO vei 
1.00 . 0 0 2.B7 . 0 0 3.00 
3 .10 • 30 27.51 . 0 0 3 .50 
4.33 . 0 0 121.55 . 0 0 4.00 
4 .50 160.23 292.87 87.66 4 .50 
5. go 396.27 508.74 249.50 5.00 
5.53 526.Bb 718.85 3B6.15 5.50 
6.00 690.43 8"} .31 533.63 6.00 
o . 5 i 775.69 1016.19 59 2 .11 6 . 5 J 
7.30 777.46 '1078.30 560.5b 7.00 
7.S0 716.43 1063.11 480.54 7.50 
S.09 551-2B 996.23 303*95 a. oo 
8.50 378.15 875.22 163.38 a. so 
9 ,00 246.19 7I6.B2 84.55 9.00 
9 .50 149.33 544.55 40.95 9 .50 

LAB ANGLP 40 .0 

V E l EXPT F-XO UNSOLD V = L 
3 . 3 J . 3 3 35.55 . 0 0 
3.50 1*0*09 143.13 137.09 
4 .10 404.f l1 307.69 532.58 
4.93 522.2T H4J.41 619.35 
5.00 529.95 497.92 564.04 
5.53 479.57 49J.76 468.63 
6.3(3 423.22 454.33 388.92 
6.50 395,36 416.97 302.85 
7.00 282.63 376.40 212.22 
T.53 239.87 33J.69 133.19 
6.00 147.69 276.07 79 .01 
B,5t) 97.72 222.00 43.01 
9.33 58.57 17J.21 20.15 
9 .50 • 00 124.59 . 0 0 

56 DAT* POINTS 

LAB fJGULAH DISTRIBUTION 
THETA cj,(>t C»LC 

1J .J .667 .B27 
Z0.O 1.100 I .000 
30.0 .942 .845 
4J .3 . 5 6 7 .474 

ITERf lON NU«H?o « I Fft^OI • 23 .41 

,0209 48.17 6.1 B 
•0-.26 51.33 6.26 
.0212 54.12 6.36 
.0170 44.52 7.8 3 
.0346 47.72 7.92 
.0172 50.57 8.02 
.0072 41.29 9 .69 
.0146 44 .48 9 .78 
.0073 47.3b 9.BB 

49.89 6.58 (CANONICAL!. 

EXPT POLO UNFOLD V £ L EXP7 FOLD UNFOLD 
•on 9 .30 . 0 0 3.00 . 0 9 24.03 . 0 0 
. 0 ] 72.51 • 33 3*50 39.36 129.94 9 . 6 2 

231.96 258.11 208.46 4 .00 390.35 3 9 9 . 2 * 428.93 
548.37 539.44 557.44 4 .50 754.64 623*31 913.64 
647.10 830.07 864.48 9 .00 1032.58 894.00 1248.30 

1040.78 1064.79 1017.31 5 ,50 1057.52 999.01 1123.96 
1126.14 1204.20 1053. 14 6.00 926.78 1020.47 841 .6 * 
1362.5 J 124T.22 905.14 6.50 748.95 956.66 586. 34 

890.09 1204.16 657.94 7.00 570.89 043.6D 386 .3 * 
649.84 1090.06 387.40 7 . SO 393*35 709.26 218.15 
43T.27 923.47 207.73 8.00 252.03 566.58 112.11 
250.22 725.02 86.36 8.50 132.69 427.33 41.20 
112.01 532.32 23.97 9 .00 45 . U 302.65 * . T 4 

. 3 3 359.16 • 03 9 .50 . 0 0 194 .2 * . 0 0 



LAB 4S.6LE I J . J 73.0 

VEL c*0T C0L0 j \ F c i n VEL JI:»T FOLC 
3.00 • 10 2.-i . 0 0 6.15 
3.5 J . JJ 24,57 . 0 0 . 0 0 t.b.07 
4.00 . 3 0 111.26 . 0 3 231.96 265.19 
4.53 lot). 2 3 271.96 51.65 548.37 586.51 
5.30 356.27 473.77 18 7.02 5.00 8,7 . 10 91 . .40 
5.50 926. 86 059.32 308.71 5.50 1040.78 1139.58 
6.0J £90.43 797.14 462.19 6. JO 1126.14 I 2 ld .40 
6.50 775.69 376.73 523.87 6.50 1062.50 117-.. 59 
7.00 T77.46 H93.72 469.28 7.00 890.J9 1050.49 
7.50 716.43 829.42 415.38 7 . 5 U 6-9.84 867.18 
8.30 550.28 715.53 233.76 8.00 437.27 650.97 
a. SO 178.15 572.22 107.97 8.53 250.22 442.53 
9.W1 2*6.19 415,72 53. 37 9.0 J 112.01 272.56 
4.50 1*9.33 27J.*4 22.61 9.50 . 0 0 150.68 

LAB INGLE 4i)„0 

tfeL BH>T F21D UNFOLD VEL FKPf POLO 
9.00 • 00 35.22 . 0 0 
S.SO 149.08 1' . .08 117.04 
4.33 4J4.81 ii.2.88 5C3.0B 
4.50 522.27 531.64 60S.43 
5.10 529. 95 549.75 543.71 
6.53 479.57 -•16.82 ••61.65 
6.00 421). 2 2 428.31 3B1.57 
(•.50 355.36 384.49 279.91 
T.3J 282.63 331.52 180.92 
7.50 209.87 270.12 ioi.4e 
9.00 147.69 231.07 58.03 
0.53 97.72 I*0.?2 29.67 
9.00 Sfl.ST 93.44 12.63 
9.50 . 0 0 58.59 . 0 0 

56 D*T4 POINTS 

L*6 INSULA1; DISTRIBUTION 
THFTa EXPT C»IC 

I 0 e 0 .667 .729 
20.0 1.30J 1.000 
30.3 .942 .909 
-.0.0 .667 .517 

iTR3kTia« «IU«fl=H - 2 vfliDR • 9.91 

L48 ANGle 10.0 20.0 

Vfcl tXPT F3LP UNFOLO VEL FXPT FOLD 
3.33 . 1 J 2.39 . 3 3 9.03 . 0 0 4.85 
3.S0 . 0 3 21.53 . C O 3.50 . 0 0 59*23 
4.03 . 0 3 98.62 . 0 1 4.00 231.96 248.41 
4.53 163.23 242.85 34.08 +.50 548.37 564.29 
5.00 3« a . 27 42 3.50 157.84 5.00 847.10 887.06 
5.50 526.86 595.83 277.6* 6.50 1^4 J . 78 1393.09 
6.31 691.43 706.94 451.39 6.00 1126.14 1134.52 
6.50 775.64 791.41 520.03 6.50 1062.50 1072.27 
7.J0 777.46 794.70 478.66 7.0 j 890.39 942.30 
T.5J 716.43 730..6 407.12 7.51) 649.64 756.17 
t .oo 550.2 9 614.33 209.21 8.00 437.27 540.35 
n.50 i78 .L5 475.JS 65.89 S.53 250.22 341.84 

• 33 
.00 

182.34 
521.19 
800.85 
929.11 
974.99 
818,76 
557.48 
290,31 
139.53 
4 8 . 8 ) 

9.69 
.00 

3.00 
3.60 
4.00 
4.50 
5.00 
5.50 
6.00 
6.50 
7.00 
7.50 
0.00 

EXPT 
.30 

35.36 
39J.3S 
754.64 

1032.58 
1057.52 
926.70 
74B.95 
573.89 
393.35 
252.03 
132.69 
45.16 

.00 

1H .is 
411.12 
746.30 

1012.44 
1125.49 
1060.34 
894.^9 
706.20 
5 29.98 
373.49 
2 « . * » 
14S.IT 
75.06 

UNFOLD 
.00 

2.54 
407*2* 
V23.05 

1273.31 
1056.01 
735.67 
490»*4 
312.31 
1*1.91 
75*45 
22.50 

2.10 
- *oo' 

UNFOLD VEL EXPT FOLD UNFQIO 
. 0 0 3.00 . 0 0 U . K • 0 0 
. 0 0 3.50 35.3* 125.41 . 7 1 

173.27 4.30 390.35 405.46 391 . W 
506.49 4.50 754.A4 7*9.43 930.25 
764.78 5.00 1932.90 1016.50 1293.45 
887.08 5.59 1,157.52 U - M . 0 1 1007.0* 
967.79 6.00 926.78 loos*a* *T».7« 
81L.30 6.50 74?.15 007.49 4 M . 3 3 
526.59 7.00 573.09 612.04 m . n 249.49 7.50 393.35 4*2.89 l *3 . *0 
112.91 e.oo 252.03 299.96 6.3.7* 

35.74 0.50 132.69 103.32 14.20 



00* 0»*6E 00* OS"* 00 * 

•*• W i t 91*5* 00 "6 06 •£ 
«"W SCC91 69*Z«I K ' l B(*6Z 

**•*« « " f i z EQ'ZGZ 00*8 89*16 
6** l t l 14**04 « * s * e OS*/ E*"ZZZ 
•••rw 0ft-**-fi wots 00*1 •9*116 
w m S l " Z * « 6**8*1 05 "9 6E*1E8 
10***9 t»T)16 • i *9Z6 00-9 91*£66 
fct**lfc 16*6*01 Z f l f i O * 05*4 19*99* 
t l ' C U I CG'9101 «S*2C01 00*5 BB'CVl 
U M H 6 1 ' S U M ' M l OS** 06*105 
l Z * * 8 t 01*B6t SI*C6E 0 0 " * 69 " M I 
1Z" Z I*S11 9 E * « Ofi'C 00* 
M * **•« 00* 0O*E 00* 

j n c u n n OTOJ 14X3 13ft aiOiNO 

68*9*1 
s c s e z 
IZ*Z9C 
S 1*96* 
*6*6 tS 
« * 8 » S 
Z6'81S 
*B*68 
0 0 ' 

T**9C£ 
S9*6BE 
SB*1E* 
1S*6S* 
S**fZ« 
H ' « ! 
s** i t .e 
*6*9S1 
BC'BZ 

E9*zez 
96*SSE 
?Z*OZ* 
15 *61* 
56*625 
1Z*ZZS 
i e * * r * 
BO*0»l 
00* 

05*9 
00*9 
CS*5 
oc*s 
05* • 
P0*» 
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7.50 209.87 220.88 B4.18 
a.ao 147.69 147.63 5J .5J 
8 . OT.J2 95.72 .T6.81 
9 . 58.57 63.68 13.19 
9.5C no 3 6 . o l . 0 0 

5b OAT* POINTS 

LAB AKGULAP OlSTPiaunON 
TMETA EXPT CALC 

10.0 .667 ,692 
23 .3 1.430 1.000 
30.0 ,?42 .941 
40 .0 .567 .559 

ITERATION NUMBE» - * £P«OR • 6 .18 

LAB ANGLE 10.0 20.0 

VEL EXPT POLO UNFOLD V = L EXPT COLD 
3.00 • 00 1.88 . 0 0 3.00 . 0 0 4.21 
3.59 . 0 0 11.53 ,0'J 3.50 . 0 0 54.69 
4.30 . 3 3 90.23 . 0 0 4.00 231.96 236.34 
4 .50 160.2 3 222.67 17.13 4.50 548.37 550*30 
5.00 356.27 3B0.24 129.92 5.00 847.1.1 873.68 
5.S3 716.86 433.35 2 e i . 1 1 5.5C 1040,7d 1053.38 
6 .00 690.43 659.26 487.16 O.06 1126.14 1080.02 
6.50 775 .6^ 7 J L 2 3 543.OS S.50 1362.53 1337.JO 
7.00 777.46 795 .4* 465.57 7.00 890.09 922.54 
7.53 716 .41 t 2 3 . 4 5 tO1 .70 7.50 64^.84 730.27 
S.00 550.28 589.49 1B0.99 8,00 437.27 492,32 
8.50 370*15 438.50 62 .22 8,5 J 250.22 283.77 
9.3-3 246 .19 286.42 2 6 . 4 1 9.00 112.01 144.07 
9,50 149,33 155.77 1 4 . 1 * 9.50 • 0 0 6b , 3 7 

LAB ANGLE 43.3 

VEL EXPT C3LD VKf JL *> VEL EUPT F110 
3.00 • 00 • 33 . 0 0 
3.53 143.38 1 .22 63.56 
4.00 ••04,81 4G. ,97 575 . f b 
4.50 522.27 538.55 551.08 
S.JO 529.95 iZJ.IZ 553.34 
% 5 0 4T9.57 469,66 506.65 
».00 -•23* 22 454,37 334.99 
6.53 355.36 383.J6 218 .J5 
7.00 C82.63 283.95 146.20 
7.50 209,8 7 199,35 A8.62 
8.33 147.69 135.52 55.04 
8.50 •37.72 91.66 28 .59 
9.30 5B.57 63 .31 9.90 
9.53 , 3 3 37.25 .33 

5 6 DATA P3IH TS 

L<6 *NG •ULAP 0157* I OUTJ IN 
HETA ?XPT CALC 
10.3 .667 .a?J 
2 J . O 1 . 31 ] 1.033 
30.0 . 9 , 2 .941 
4 0 . Q .P17 .504 

UNFOLD VEL EXPT FOLD (MFGIO 
.00 3.00 .00 13.91 .00 
. i n 3.53 35.36 115,61 ,07 

1 6 1 . ' 4 .00 390.35 396«53 378.28 
500.14 4*50 754.64 749,27 947.91 
720.65 5.00 1J32.5B 1023.60 1325.40 
856.2^ 5.50 1057.5? 1099,38 931.32 

1036.20 6.00 926.79 950.99 632,48 
855.96 6.50 748.95 735.51 455.5? 
493.84 7.00 570,89 560.58 302.64 
197.94 7.SO 393.35 400.75 135.44 
86.76 8.00 252.03 268.59 55.07 
25.93 fl.53 132.69 157.74 11.13 

3.03 9 .00 45.16 82,32 ,26 
.00 9,50 ,03 36.09 .00 



UNFOLDED CH CROSS SECTION 

VELOCITY DISTRIBUTION 
u P(U) N1RM 

.665 0 0 
. 9 6 5 1 1 9 . I E . 0 7 4 

1.304 3 0 8 . 7 1 . 1 9 2 
1.623 5 7 4 . 9 5 . 3 5 8 
1.943 934 .01 . 5 8 1 
2 .262 1230 .86 . 7 6 6 
2 .582 1478 .66 . 9 2 0 
2 . 9 0 1 1529.85 . 952 
3 . 2 2 1 1516 .68 . 9 4 4 
3 . 5 4 0 1526.47 . 9 5 0 
3 . 8 6 0 1606 .39 1.000 
4 . 1 7 9 1588.62 . 9 8 9 
4 . 4 9 1 ; 1429.95 . 8 9 0 
4 . 8 1 8 1301.55 . 8 1 0 
5. 138 899 . 89 .569 
5 .457 7 2 5 . 9 3 . 4 5 2 
5 .777 595 .36 . 3 7 1 
6 .096 5 3 9 . 2 2 . 317 
6 . 4 1 6 2 2 0 . 4 1 . 1 3 7 
6 .735 146 .91 . 0 9 1 

ANGULAR DISTRIBUTION 
TH P(TH» NOHM 

-82 .0C> 0 0 
- 7 5 . 4 9 0 0 0 
- 6 8 . 9 7 6 1.60 .030 
- 6 2 . 4 6 2 2 .14 . 0 0 1 
- 5 5 . 9 4 8 2 .62 . 0 0 1 
-49 .434 3 .39 .031 
- 4 2 . 9 2 0 54.36 . 0 1 6 
-36 .406 152.87 .046 
- 2 9 . 8 9 2 326.97 .099 
- 2 3 . 378 652 .32 . 197 
- 1 6 . 8 6 4 1115.98 . 3 3 7 
- 1 3 . 3 5 0 1951.60 .589 

- 3 . 8 3 7 3234.57 . 9 7 7 
2.677 3312.19 I . 0 0 0 
9 .191 2607.55 .787 

15.705 1875.17 .566 
22.219 1300.98 .393 
28.733 896.47 .271 
35.247 548 .60 . 1 6 6 
41.761 204 .68 .062 
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D. Program Kelvin 

Information on the velocity distributions of the two reactant 

beams is required to carry out the iterative deconvolution of I a R ( 0 . v) 

to obtain 1 (6, u). In order to reduce the requisite amount of 
cm. 

data to be input to program RECON, the velocity distribution of a 

nozzle beam is characterized parametrically by y, M, and a . the 

ratio of specific heats, the beam Mach number, and the most probable 

velocity in the nozzle source. As can be seen from equation (6) of 

ch' ter II, these parameters uniquely define a nozzle beam velocity 

d. o.bution. These parameters are obtained by fitting y, M, and u 

to the observed time-of-tlight spectrun of each reactant beam* measured 

as explained in chapter II. This fitting procedure Is carried out by 

program KELVIN. 

The input for KELVIN consists mainly of an array, N(n), of 

intensities (proportional to number density), versus channel number, n, 

ab directly obtained from the output of a multichannel scaler which is 

used to record the TOF distribution. Since the flight time t is given 

by t - (n-.5)*w, where w is the time width of the scaler channel, the 

input data are implicitly a function of time. 

Values for y, which is assumed well known, and for M, which is an 

initial guess, are input, while an initial guess for a is generated by 

the program itself. These parameters are used to calculate a TOF 

spectrum averaged over the finite bandpass function of the TOF apparatus. 

This calculated distribution is compared with the observed TOF spectrum 

and corrections to a and M are generated. This procedure is iterated 

until the agreement between calculated and observed spectra is optimized. 
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KELVIN will perform rudimentary smoothing of the input data by 

averaging over a variable number of successive channels. However, 

this usually proves unnecessary due to the high quality of the TOP 

spectra commonly obtained. Provision is also made for subtracting from 

the input data any constant, i.e. flight time independent, background 

which may be present. 

The major output of course are Che optimized values of a and M, 

MOST PROBABLE VELOCITY and HACK NUMBER in the output. The program also 

prints out the input data, N(n), headed RAW DATA or OBSERVED, as well 

•is tin1 input data minus the constant background, i.<*aded NORMALIZED, 

and tlie input data smoothed «v«r a number of successive channels, headed 

SMOOTHED. The best fit calculated TOF data, headed CALCULATED, and the 

best fit TOF data with all instrumental averaging removed, headed 

PECONVGl.UTED, are also output. This last TOF distribution is of course 

the physically significant one. 

Also given as output is the source "temperature". For a nozzle 

beam of a pure gas this is the actual physically measurable nozzle 

temperature. For a "seeded" beam it is the temperature at which the 

nozs.le would have to be operated to give this velocity distribution if 

the beam were a pure one consisting solely of the species whose TOF 

spectrum was input. 

Several different TOF spectra can be fit in a single run of the 

program by simply stacking data fcr different spectra. 

A description of the input variables, a listing, and a sample 

output of KELVIN follow. 



Program KELVIN Input Var iab les 

TITLE 

MASS 

GAM 

C1IAN 

LMID 

I)L 

bCIIAK, KCHAN 

ACHAN 

Description 

Heading for all output. 

Mass of particle, in a. m. u., whose TOF 
spectrum this is. MASS » 0.0 stops program 
execution. 

Estimated source "temperature" as explained 
in program description. This is for user 
reference only, it is not used for computation. 

The ratio of specific heats, y. 

The tnu] tiscaler channel width, in microseconds. 

The TOF flight path length, in centimeters. 

The ionizer length, in centimeters. 

The number of the first and last tnultisealcr 
channels for which TOF data are to be input. 

The number of channels (always odd) over which 
the input data are to be averaged for smoothing. 

The ion energy, in electron volts, and ion 
flight length in centimeters. Needed to correct 
flight times for the time required for tW- ions 
to traverse the length, LION, of the detector. 

The time, in units of multiscaler channel width, 
by which the multiscaler zero of time lags 
behind the true zero of tim.5. The value of 
this parameter is determined by calibration of 
the TOF apparatus. This parameter corrects the 
N(n) - N(t') input data, where t* is the 
observed flight time, to give the N(t) data, 
where t is the true flight time, t « t* + 
OFFSET-CHAN. 

Magnitude of the constant (i.e. flight time 
invariant) background which is to be subtracted 
from the TOF data. 

The rotational speed of the TOF wheel in cycles 
per second. 
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1'roRram KELVIN Input Variables (Cont'd) 

Variable Description 

DIA The TOF wheel diameter in centimeters. 

SHUTTER The slot width of the TOF wheel in millimeters. 

DETECT The diameter of the detector aperture in 
millimeters. 

EXPT(I), I = BCHAN, Tb- observed TOF intensity in channel I, 
ECHAN N<n). 
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PROGRAN KELVIN!INPUT.OUTPUT.TAPE5-INPUT.TAPE6-0UTPUTI 
COMMON/PAR/CHAN.LHIO.DL.R.S,GAM,BCHAN.ECHAN.NCHAN 
CONMDN/HMEEL/SHUTTER.OETECT 
01 HENS ION E X P T I 2 5 5 I , E X P T I I 2 » I , E X P T N I 2 5 S I . S I G C A L I 2 S 5 I . 

CSIGCAU255I ,S IGCA2I25SI ,S IGCA3<23SI ,S IGCA4I2» I .T ITLEI20 I . I«NACH<10 
CI,HALPHAI10I.SIGDECI25SI>MEIGHT(2S5I 

REAL MASS.HACHiLMID.L.LION,MID 
INTEGER BCHAN.ECHAN.ACHAN.BC.EC 
CALL GAUSS 

C 
C INPUT OATA 
C 

1003 READIS.102I TITLE 
102 F0RHAT(20A*> 

C 
C ZERO OUT THE ARRAYS 
C 

CALL ZEROIEXPT.EXPTI.EXPTNI 
READI5.100I MASS.TEMP.GAN.CHAN.LMID.DL.BCHAN.ECHAN.ACHAN 

100 FORMAT(6F10.5.314) 
IF(MASS .EO. 0 . 0 1 STOP 
BC-BCHAN 
EC-ECHAN 

130 REA0IS.100I EION.LION,OFFSET,DC 
C 
C CORRECT FLIGHT TIMES FOR THE ION TRANSIT TIME 
C 

CHT>LI0N/S0RTUI0N/MASSI«.719S/CHAN 
ICHT- INT<0FFSET-CHT»SIGNI .5 . I0FFSET-CHTI I I 
SCHAN-BCHAN»ICHT 
ECHAN-ECHAN«1C«T 
NCHAN-ECHAN-BCHANH 

190 " 6 * 0 1 5 , 1 0 3 1 HACH 
103 FCRMAT(FI0 .3 , I5> 

Rtx015 , LOOIHZ.PIA.SHUTTER.OETECT 
READIS.101I I E X P T K I I . I-SCHAN.ECHANI 

101 FORHATdFlO. l t 
1*0 HRITE I6 .20A I TITLE 
2 0 * F0RNAT(1H1.20A*> 

C 
C OUTPUT OATA 
C 

KRITE I6 .200 I MASS,TEMP,GAH 
200 FORMAT(»0 HASS " • . F 7 . 3 . « ! TEMP - * . F 7 . 1 . > ! GAMMA - « , F 4 . 2 I 

BR1TE16,201I CHAN.BC.EC.LMID.DL 
201 FORMAT)* CHANNEL HIOTH - • . F t . l . t MICROSECONDS: BEGINNING CHANNEL 

1 • • • I 3 i * i ENDING CHANNEL • • , 1 3 . • ! FLIGHT LENGTH - * . F 5 . 2 . * CM! 10NI 
UEH LENGTH - » . F 5 . 2 . « CM.«I 
NR .TE I6 .1041 EION.LION.CHT.OFFSET 

104 FORMAT(3K.-I0N ENERGY- » . F 4 . 1 . 2 X I * E V S ION PATH LENGTH- • , F * . 1 , « 
1 CM. ION FLIGHT TINE OFFSET- » . F 3 . 1 , » CHANNEL(SI, ZERO CHANNEL OF 
2FSET > * . F * . 1 . « CHANNELISKI 

N R 1 T E I 6 . 2 U I H Z . 0 I A . SHUTTER .OETECT 
211 FORMAT I - MHEEL FREO. • • . F * . 0 , » HZI HHEEL DIAMETER - • , F 4 . 1 , » CHS 

1SL0T KIOTH • • | F « . 2 I * MM! DETECTOR APERTURE » » , F » . 2 , » NH»I 
H R I T E I 6 . 2 0 2 I HACH 

202 FORMAT!* TRIAL MACH NUMBER - f . F 4 . l l 
I F I T - 1 0 
SHUTTER-SHUTTER/131.4159-DIA-HZI/ ICHAN-1.0E-06I 
DETECT-DETECT/ l31.* l59»0IA«HZI / tCHAN»1.0E-06) 
IFIOETECT . L T . SHUTTERI GO TO 210 

http://FORHATdFlO.lt
http://-f.F4.ll
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SAVER-OETECT 
OETECT'SHUTTER 
SHUTTER-SAVER 

C 
C SUBTRACT CONSTANT BACKGROUND FROM THE DATA 
C 

210 00 100* I-BCHAN.ECHAN 
E X P T N I l l - E X P T I I I I - O C 
E X P T I I I - E X P T N t l ) 
UEIGHTtI )>SQRT(EXPT( I I ) 

1004 CONTINUE 
C 
C AVERAGE OATA OVER THE SELECTEO NUHBER OF CHANNELS 
C 

INC«ACHAN/2 
IEO»ECHAN-ACHAN 
00 1006 I-BCHAK.IED 
RUN-0.0 
00 1007 J-l.ACHAN 
RUN'RUNtEXPTNlI»J-11 

100T CONTINUE 
EXPT(I»INO>RUN/FL0ATIACHAN> 

1006 CONTINUE 
N R I T E I 6 . 2 1 M 

214 FORMAT<lH0t6XitCHANNELt.3X.4IAW 0ATA*,3X.*N0RHALIZE0*.3X.*SN00THED 
1*1 

00 100B I'BCHAN.ECHAN 
URITEI6.215I I.EXPTim.EXPTNIII.EXPTIII 

1005 CONTINUE 
215 FORNATIIH t 9 X . I 3 . 3 X . F 1 0 . 2 , 2 X , F 1 0 . 2 . 2 X , F 1 0 . 2 ) 

C 
C GENERATE ESTIMATE OF ALPHA 
C 

CALL BIGIEXPT.MAX2) 
V-LNI0/1CHAN*MAX2*.011 
W . 195*HASS*V**2 /117 . 5 - 7 . 5*GAH) 
ALPHA-12S«B.!>*S,0*T(T/MASS) 

C 
C FITTING ROUTINE 
C 

CALL VELO(HACH.ALPHAtSIGCAL) 
CALL FIT(SIGCAL.EXPT) 

1012 00 1000 J C T C - l . I F I T 
OALPHA>.10*ALPHA 
0MACH-0.1*NACH 
CALL VEL0IMACH.ALPHA»0ALPHA.SIGCA1I 
CALL F IT IS IGCAltEXPTI 
CALL VELO <NACH,ALPHA-DALPHA,SIGCA21 
CALL FITISIGCA2.EXPTI 
CALt VELO(MACH>OMACH.ALPHA,SIGCA3I 
CALL FITISICCA3.EXPTI 
CALL VELOIHACH-ONACH,ALPHA,SIGCA4) 
CALL F IT IS IGCA4.EXPU 
GA-O. 
GN-O. 
»J«"0. 
AMH-O. 
AAH-O. 
SUH-O. 
SUH2-0. 
SUH4>0. 
SUHT'O. 

http://lH0t6XitCHANNELt.3X.4IAW
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SUMYY-O. 
SNTRH-0.0 
00 1001 I-aCHAN.ECHAN 
O F D A - ( S t G C A H l l - S I G C A 2 ( l l l / ( 2 . * 0 A L P H A ) 
DFDH»<S1GC»3UI-SIGC*4<1I I / (2 .«DMACHI 
DFDAA-tSIGCAl< I I *S lGC42( I> -2 .»$ IGC4l ( I ) ) / IOALI>tM«)ALPHA> 
DF0MM><SIGCA3<tl»SIGCA«III-2.>SIGCAL<I>)/(0HACH*DMACH) 
UE»UEIGHr i l l 
TERH>EXPT(I|-SIGCAL4I> 

GA>GA*TERH*0F0A*HE 
GH-GN»T ERH>DFDM«HE 

AAA»AAA»OFOA*OF0A»WE 
AMH-ANM»DF0M>DF0M*UE 
AAM«AAN»DFDA*DFOM>UE 
SUM2'SUH2«TERM*DFDAA»HE 
SUM4*SUH*>TERH*DF0NM«UE 
SUHY«SUMY*SIGCALm«WE 
SUMYY-SUMYY*SIGCALU1 *S IGCALt I I W E 
SNTRH-SMTRM»TERH«ME 

1001 SUM»SUN*TERM»TERH»I(E*NE 
SIGNA»SgRT<(SUM-SMTRM*SMTRM/NCHANI/(NCHAN-ll>/SUMY 
DEN0M-AAA»AMM-AAM«AAH 

C 
C ADJUST PARAMETERS AS NECESSARY 
C 

DALPHA-IGA»AMM-GN«AAMI/OENQH 
DMACH*IGM*AAA-GA«AAHI/DENOM 
IFIABSIDMACH) . S T . 2 . 0 1 DMACH-SIGNI2.0.0HACMI 
MALPHAIJCYCI»ALPHA 
KHACHUCVO'HACH 
ALPHA-ALPHAtDALPNA 
HACH'MACHtOMACH 
CALL VELO(HACH>ALPHA,SIGCAL) 
CALL FITISIGCALtEXPT) 

C 
C STOP FITTING IF PARAMETERS OPTIMIZED 
C 

IFItABStDMACHI . L E . 0 . 0 2 1 .ANO. lABStDALPHAI . L E . ( 0 . 0 1 ' A L P H A I I I 
1 GO TO 1002 

1000 CONTINUE 
C 
C CALCULATE THE DECONVOLVED TDF DISTRIBUTION 
C 
1002 R-S0RT( l .MG«M-1.0 l /2 . *MACH*HACHI 

S-HACH*SaRT(C«H/2.1/R 
DT-ALPHA»CHAN*1.0E-06 
00 1009 :>BCHANfECHAN 
T-(I-0.5I»DT 
V L H I O / T 
S IGDECUI«Y»*3 /T»EXP<-R»R«(V -S t«2 l 

1009 CONTINUE 
CALL BIG<SIG0EC,M«X3> 
CALL B[G(SIGCAL>MAX1> 
SCALERSIGCALIMAX1I/S1G0ECIHAX3I 
DO 1010 I'BCHAN.ECHAN 
SIGDEC1Il-SIGOECCII*SCALE 

1010 CONTINUE 
C 
C DETERMINE THE PEAK VELOCITY 
C 

PPK-O. 
CHPiMAX3-2.5 
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0 0 U 0 0 1 - 1 , 4 0 
V"LHIO/(tCHP».l«II»OTI 
P » V * * 3 ' ; * E X P < - R * R * ( V - S ) * * 2 I 
1FIP , L T . PPKI GO TO 1200 
PPK-P 
ICPK-I 

1200 CONTINUE 
CPK-ICHP«.1»1CP„) 
VPK-LMIO/(CPK«DT)*ALPHA 
TENP-IALPHA/12848.5I--2-MASS 
UR1TE(6,205I 

C 
C OUTPUT DATA 
C 

DO 1005 1-BCHANiECHAN 
1005 HRITE I6 ,206 I I .EXPTI I1rSIGCALI11.SIGDECI11 

205 F0RHATIlH0 a6X l<CHANNEL*t4Xi<0BSERVE0*i6X >*CALCULATE0«>4X l«0ECUNV0LUTE0*l 
lUTEO-l 

206 F 0 H H A T ( 5 X , [ 6 . 3 ( 5 X , F 1 0 . 2 ) I 
HRITE I6 .207 I 
URITEI6 .20B) IWHACHII I , I M . J C Y C - l l 
H R I T E ( 6 I 2 1 9 I <UALPHAI I I , 1 -1 ,JCYC- I I 
H R I T £ I 6 , 2 1 3 I JCYCNACH 

213 FORMATC1H0,14,« ITERATIONS HERE NEEOEOi THE FINAL HACH NUMBER - » , F 
L 5 . 2 I 

UR1TEI6.217I TEMP, ALPHA 
217 FGHHATUHO,* CORRECTED TEMPERATURE- » , F 7 . 1 , « MOST PROBABLE VELO 

1C1TY- " , F 9 . 2 I 
URITEI6 ,216> SIGMA 

216 FORMAT I •CJ STANDARD DEVIATION a « , E 1 0 . 3 I 
WHITE(6,2091 VPKfCPK 

209 FORMAT(«0 PEAK VELOCITY > » , F 9 . 2 , « CM/SEC, AT CHANNEL » , F S . l 1 
207 FORHATI-0 INTERMEDIATE MACH NUMBERS/ / INTERMEDIATE ALPHAS*) 
208 FORMAT U H , 10X. 51 7 X . F 5 . 2 ) I 
219 FORMATHH . l O X , 5 l 3 X , f 9 . 2 | > 

GO TO 1003 
ENO 
SUBROUTINE VELOIMACHtALPHA,SIGCALI 

C 
C CALCULATES THE TOF SPECTRA A"ERAGED OVER IONIZER LENGTH AND SHUTTER 
C FUNCTION 
C 

COHMON/PAR/CHAN ,LMID,DL ,R , S ,GBH,BCHAN<ECHAN,ItCHAN 
COHHON/HHEEL/SHUTTER,DETECT 
COMMON/NE/XI91,H<9) 
DIMENSION SIGCALI255I 
REAL MASS<MAC>',LHID,L 
INTEGER BCHAN,ECHAN 
R-S0RTI1.* IGAN-1. I /2.»NACH«HACHI 
S-MACH*SORT I GAM/2.1/R 
0T-ALPHA»CHAN»l.0E-06 
IB-BCHAN-1 
IE-ECMAN-1 
RAD'OETECT/2. 
TOGO-SHUTTERtDETECT 
00 2 I - I B . I E 
SUM20-0.0 
00 3 M-1,9 
THYME.H-TOGC/10. 
THYMEP-TOGO-THYHE 
HAIT-1 .0 
IFITHYME . L T . OETECTI HAIT-IACOSIIRA0-TMYHEI/RAOI*|THVME-R«D)/RAD« 



- 1 6 6 -

1SINIAC0S ( (RAD-rHtrttE)l'RAO) 11 /3 .14153 
IFITHVHEP . L T . OETECTI MAIT-IACOSI(RAO-THYMEPl/RADI*!THYHEP-RAD>/R 

1A0*SINIAC0SI IRAD-THYHEP) /RAD) I I /3 .14 IS9 
00 3 J - l . « 
T-DT- l I»THYME-T0G0/2 . • J / 1 0 . I 
SUM10.0.0 
00 4 X - 1 , 9 
l - L H I 0 » D L » X ( K I / 2 . 
V -L /T 
P - l f «>3 /T«EXPI -R«R« IV -S I * *2 l 

4 SUHlO"SUM10»P*U(Kl/2. 
3 SUM20-SUNZG-SUM10-NA1T 

SIGCALIU1I -SUM20 
2 CONTINUE 

RETURN 
END 
SUBROUTINE FITISIGCAL.EXPTI 

c 
C SCALES THE CALCULATED AND OBSERVED TOf SPECTRA 
C 

COMMON/?AR/CHAN.LHlO.OL.R.SiGAHiBCHAN.ECHAN^NCHAN 
INTEGER BCNAN.ECHAN 
DIMENSION S:r .CALI255) ,EXPT(255l 
CALL BIGtSIGCAL.NMAXll 
CALL BIG<EXpr,«NAX2l 
SCALE-EXPT1NMAX21/SIGCALINMAX1I 
DO 40 l-BCHAN.FCHAN 
S IGCALUI -S I«CALI I> *SCAIE 

40 CONTINUE 
RETURN 
END 
SUBROUTINE BIGISIGCAL.HAXI 

C 
C FINOS THE MAXIMUM IN A TOF SPECTRUM 
C 

COMHON/PAR/CHANfLMID,DL>A.SfGAM,BCHANiECHANfNCHAN 
INTEGER BCHAN.ECHAN 
DIMENSION S1GCALI255I 
MAX-0 
SIGHAX-0.0 
00 1 I-BCHAN,ECHAN 
IF I S I G C A L I I I . L T . S1GMAXI GO TO 1 
S1GMAX-SIGCALIII 
MAX. [ 

1 CONTINUE 
IFtMAX . E 0 . 01 HRITE 16 .2551 

255 FORMAT<»0 NO MAXIMUM FOUND«l 
RETURN 
END 
SUBROUTINE GAUSS 
COMH0N/ME/X<9l,H(9l 
X I S S - 0 . 0 
X I 6 I - . 3 2 4 2 5 
X I T I - . 6 1 3 3 7 
X ( 8 1 ' . 8 3 4 0 3 
X<91- .96S16 
Ml 51-.33024 
HI*)-.31235 
K' ,71- .26061 
Ml S I • . 1 ( 0 6 5 
M I9> - . 0B126 
00 1 1-1.4 



- 1 6 7 -

J-10-I 
X I I I — X I J ! 
U l I l s H I J I 
CONTINUE 
RETURN 

SUBROUTINE 2EROIEXPT.EXPTI.EXPTNI 
OINENSION EXPTI2 iS I .EXPTI (23S>,EXPrN(25S) 
DO 1 1 - 1 , 2 5 5 
EXPTIII>0.0 
E X P T H I I - 0 . 0 
EXPTNID-O.O 
RETURN 
END 



77-05 BROMINE MOLECULE TOF 

MASS -160.0001 TENP • 350 .0 ; GAMHA • 1 . 4 0 
CHANNEL UIOTH - 1 0 . 0 MICR0SECDND5; BEGINNING CHANNEL • 4 0 . ENDING CHANNEL * 56; FLIGHT LENGTH -11.lu CHt I0N12ER L6NGIH - 2.SO C«. 
ION ENERf-Y- 75.0 EV; ION PATH LENGTH- 24.0 CM, |DN FLIGHT TIKE OFfSET- 2.5 CHANNEllSIr IE*0 CHANNEL OFFSET - 3 .9 CHANNELISI 
WHEEL FftEh, - W O . Mil HHEEL OIAHETEfl -17 .B CHt SLOT H10TH - 3.JO HM; DETECTOR APERTURE -1 .00 H* 
TRIAL HACH NUKdER - 6 .0 

CHANNEL RAH OATA NORMALIZED SMOOTHED 
41 596.00 596.00 596. .00 
42 882.00 882.00 B82, ,00 
43 1253.00 1253.00 1253. .00 
44 1704.00 L704.00 1704. .JO 
45 2007.00 2087.00 2087, .00 
46 2499.00 2499.00 2499, .00 
4? 27^2,00 2722.00 2722. .00 
48 2913.00 2913.00 2913, .00 
49 2884.00 2864.00 28B4, .00 
SO 2916.00 2916.00 2916, .00 
51 2356.00 2556.00 2556, .00 
52 2253.00 2253.00 2253, .00 
53 2005,00 2005.00 2005. ,00 
54 1659.00 1659.00 1659, .00 
55 1380*00 1380.00 1380, .00 
56 1148.00 1148.00 1148.00 
57 909.00 909.00 909. .00 
58 682.00 682.00 682, .00 
59 334.00 534.00 534, .00 

CHANNEL OBSERVED CALCULATED DECQNVOLUTED 
41 596.00 550. 31 300.34 
42 882.00 BT3. ,76 570.61 
43 1253.00 1267. .96 933.27 
44 1704.00 1699. ,46 1422.08 
45 20B7.00 2122, •59 1920.01 
46 2499.00 2483. ,99 2373.90 
47 2722,00 2757. .66 2715.70 
48 2913.00 2902, .55 2900.69 
49 2884,00 2916. .00 2916.00 
50 2916,00 2607. ,86 277B.44 
51 2536.00 2601 , •16 2524.92 
52 2253.00 2326. 17 2200.49 
53 2005 .00 2014. .47 1S48.1T 
54 1659.00 1694. ,26 1502.44 
55 1380.00 1387, ,61 1186.76 
56 1148.00 1109. .45 913.97 
57 909.00 867, .99 6B8.39 
58 682 .00 665. .92 S08.46 
59 534.00 501 . .99 369.20 

INTERMEDIATE HACH NUMBERS/ / INTERMEDIATE ALPHAS 
6 . 0 0 8.JO 9.28 9 .12 

9 .18 
1836B.07 .9624,36 18955.30 19227.49 

19170.21 

7 ITERATIONS HERE NEEDED, THE FINAL HACH Nl <8ER * 9 .19 

CORRECTED TEMPERATURE- 355.9 HOST PROBABLE VELOCITY- 19163.27 

STANDARD DEVIATION > .12&E-02 

9.Z? 

19139.34 
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FEAK VELOCITV • 3 5 6 7 0 . 1 0 CN/SECt AT CHANNEL **.* 
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Figure 1. Newton diagram giving laboratory to center-of-n,ass coorJlnate transformation. 


