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ABSTRACT ,'\-;.,"' 

Ten ... MeV hydrogen atomo with a distribution of excited states were 

produced by collisional dissociation of 20-MeV Hz+ lone. The populations 

of the higher excited leyeis were removed by Lorentz ionization; and the 

levels were then repopulated by collisional excitation of the atoms in 

molecular or weakly ionized hydrogen targets. The populations of the 

levels n = 6 to 9 were determined by a second Lorentz ioni~at!on • 

. For collhiona with electrona and ions in hydrogen-plasma targets, 

cross sections for transitions from the levels n -= 5, 6 ton' • 6, 7, 8, 9, 
. . . . 

and upper Umlts !or. the transitions n 1011 i or 4 to n' = 6 or 7 have been 

obtained. These are compared with calculations l.n the first Born, Bethe, 

and impact-parameter approximations: good agreement is found for all 

transitions, although those with An = Z are somewhat larger than calcu

lated • 

. For molecular-hydrogen tar.gets, transitions are observed from the 

sum :o.f' all levels with n ~ 4; 5, 6 to levels n• 111 6, 7, 8, and 9. Cross 

sections tor the lndlvldual transitions from n = 5, 6 to the levels n' . .:: 6, 7$ 

8, and 9 have been deduced fro~ these results. These cross sections 

differ from those for charged-particle collisions in that they are smaller by ~.< 

about three orders of magnitude, and the ratios of cross sections with An>~ .. 
to those of An = t are larger than in the charged-particle ciue. 
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1. INTRODUCTION 

The probability of exciting a. neutral hydrogen atom from principal 

quantum level n to· n + f. by a collision with a charged particle can be very 

large if n is large. For the case of bydrogen-electr~n collls~ons, Milford 

and co-workers t have calculated erose sections fo~ n up to 10 using the 

first Born and Bethe approximations, and Saraph.Z has calculated up to 

n = 40 uoing Seaton' a impact-parameter method. The results of th0 two 

calculations are in good agreement in the high-energy region of b\terest ln 

the present work. BouthUette, Healey, and Milford3 have calculated exci.• 

tation croas sections for neutral hydrogen atom-atom colllsions with n t;; 4, 

using the first Born approximation. 

In the present experiment.we have determined the cross sections for 
. . 

excitation from some of the lower lying statei into states with n = 6 to 9 
. . 

when 10-MeV hydrogen atoms collide with a molecular hydrog~n or with a 

proton-electron target. Populations of ~he levels n = 6 to 9.were determined 

by Lorentz ionization. The high energy puts the experiment well into the . 

region of validity of the Born approximation and allows us to obtain large· 

electric fields with de magnetic fields (43. 7 kV(cm per kQ). This makes 

possible measurements on the nonoverlapping levels of low-lying excited. 

states. ln addition, the thermal motion of electrons and. the capture of 

electrons ln the targets can be neglected. Preliminary results for the n = 6: .· 

to 7 tranaition induced by collleions with Hz hav~ been reported previously. 4 

II. THEORY SUMMARY 

A. Excitation . 

t. Electron-Atom Collisions 
. . 

The cross -:-section calculations of Milford and co-worl(eZ'a i were·. 
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carried out for 0.2. to i3.6t •eV electrons by means of the first Born 

app~oxim:a.tion and the Bethe (dipole) approximation. The form of the 

latter i.e given by . 

a{n, 1.-n', 1.') =wa 0
2 C(n, lEn', I.') l.nD(n, l, n',I..')E (i) 

where E ls the electron impact energy, Dis a function of the cutofl momen

tum and the energy dl~erence between the states, and.C is a function of the 
. . . 

orbital angular momentum and the dipole matrix element connecting the 

states. Calculations of the n a 3 ton := 4 tranelti9~·s for all possible l. showed 

that transitions with 61. = :1: t ·predominate. One abo notes that the large •· 

angular-momenta states are moat easily excited, that the ·excitation cross 
. . 4 

. sections inc~ease very rapi4).y with n (approximately as n ), and that transi-

tions with .An = :t: i dominate by about an order of magnitude• The calculations 

are estimated to be accurate to about 1.0%. 

Cross sections of interest in the present experiment are given in Table I 

where we have evaluated the above formula at an electron energy of 5425 eV, 
' . . . 

·which corresponds to tO-MeV hydrogen atoms colllding with a cold electron · 
) 

gaa. As we are not able to distinguish individual i: states experimentally~ we · 

statistically average them, 1. e. , weight them by (2t + 1), to find the total 

cross sections lor transitions between principal quantum levels (see discussion 

in Sec. IV). 
2 . . 

The calculations of Saraph, who used Seaton' a impact-parameter method, 

agree with the above results to wlthln about to/o. Values for an electron energy 
- . 

of 5425 eV are ohown ln Table 1 together with extrapolations of other pertinent 

. excitation calculations. by McCarroll, 5 McCrea and Me Kirgan, 6 and. Boyd::--r 

2. Proton-Atom Collisions 

At hlgb energies the Born approximation gives identical results for col• 
. . . i2 

lhions.of electrons or protons of the same velocity with ~toms. 

·t.· 

. , 
,,. 
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Table. I. Cross sections, a ,, for collisions of 10-MeV hydrogen atoms with cold electrons 

(theoretical). All ent~i:s are in units of 1o- 18 cm2 . a, Ref. 1; b, Ref. 2; c, Ref. 5; 

1 

0.9 

0.06 

0.014 

0.004 

0.002 

7 X 10-3 

4 X 10-4 

2 X 10-4 

1 X 10-4 

d, statistical average over states of the results of Ref. 6 and Ref. 7; e, Ref. 8; f, Ref. 9; 

g, Ref. 10; h, Ref. 11. 

2 3 4 5 6 7 8 9 10 11 12 Continuum 

3.1a o.52a 2.8e 

3.6b 3.3f 

3.6c 0.63c 0.22c 0.11c 0.058c 0.035c 0.023c 0.016c 0.012c 2.8h 

32a 4.5a 4.8e 

34b 29g 

53d 6d 3d id 0.6d 0.4d 0.3d o.2d 15h 

130a 
15 134b 

17a 10e 

374a 
1.1 74 374b 

43a 13e 

0.5 7 240 846a 93a 18c 

1650a 
0.1 12 588 1650b 

175a 22e 

0.05 47 1210 3070a 300a 26e 

4990a 
481a 0.03 98 2350 4960b 

30e 

0.01 181 3930 7870a 749a 34e 

11 900a 
1080a 39e 0.01 308 6370 

11900b 

501 9830 43e 

750 46e 

I 

lN 
•_,.. 
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· . 3. Atom-Atom Collisions · 

Collisions ol excited hydrogen atoms with ground-state hydrogen atoms 

have been investigated in the first Born approximation by Bouthilette, Healey, 

and Milford (BHM)~ 3 .Thee~ calculations are for n::.; t4 .. for::dollisiona1of.the;~ype 

I . H(n,i) + H(1s) - H(n + 1, 1') + H{2s or 2_p) •. 

. · / 

. . . . ~· . 

. . . 

.. Although these are only part of the procettses:iby.whlch;:.an.atom.~can:.be 
• . . '. . ' • ·, • • .· ~- . '~ '' ' . I •. • 

.excited from n to n + t, the BHM results illustrate· two important difference a 

·.·.between H-H and H-e c:olliaions: The H-H collisions are smaller by at least· 

two orders of magnitude and they have a very weak dependence on n. Their 

results were tabulated for energies up to about 4 MeV and indicated a i/E . 
dependence at high' energies.. Cross sections extrapolate~ to tO MeV are 

. . 
given in Table ll for the individual transitions and for the total of all tran-

sitions, n - n t _1, obtained by Btatistically weighting the I. levels • 

B. De-Excitation 
,,1,_. 

· i. Collisional 

,· __ . 

At high energies the croS.s sections for transitions from n to n + i ... 
and vice versa are related by th~ detailed-balance expression 

(/ . . ··rn + i )2 
n, n+i = n 

2. Radiative. 

a . 
n+t, n 

·_,;.. 

' ~ ... 

(2) 

The radiative' decay of a qUa.ntum level n h determined by the radi- .. 

adve lifeti~s and the p.opulatlons of the various ~tates of the level. The.: 

radiatlve·U:i'etimes (electric-dipole radiation) for excited states of the hydro- · ·.· 

. 13 ' 
. gen atom have recently been calculated by Hiskes • Tarte.r, ·and Moody and 
. . . t4 . . 
Hiskes and Tarter in both spherical (field-free case) and parabolic (Stark 

. ,'' 

. ~-. 

.:~ 
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. . . 

Table 11. Cros·s sections in ur{its o{ to~ 18 ·cm2 for hydrogen-hydrogen. · 

collisions in which one atom undergoes the indicated transition 

· while the other 11tom h excited from n a 1. to n ::: 2. The theoretical 

results of Ref. 3 have been extrapolated to 1.0 MeV by the assumption 

of a i/E dep~ndence. The values in.·brackets ar~ ·weighted averages 

.over ·alll values. 

Transition Cross section Transition CroiJs section 

2s .. 3s o.oza 3s - 4p 0.039 ., 

Zs .. 3p 0.043 3p- 4d 0.068 

Zs -3d' . 0~ 1. u 3d .. 4£ 0~206 

2p - 3s. 0.006 (3 .. 4) O.t41 

Zp - 3p .0.036. 4s .. Sp 0.037 

Zp -3d 0.150 . . • 4! ·• :Sg 0.234 .. • ''r-:1.··-:· ·-

'(z· ·- 3) O.i90 

.' 

.... 
. ,,· 

',' f 

( ·: ·.·, . 
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eaae) coordinates. Si~>.C?e the population ol the ttatee waa not· known, we 

F.uuumed that initially all states (n, I., ~ ~) !n the field·free cae4) or .. . . \ 

(n1• n2, ~ m) in the Stark case were equally populated. The time deveiop-_ . 
. . 

ment oi the number of particles in the !~vel n 1o then given by 

Nn(t) ~ ~· r (2f + t) ""P .· [·. t ] 
NQ(t=O) n . . T(n,f) . 

I. =0 . 

· · · · · · · · · · ·. · 15a'' 
for the .field-free caeo, and. by the followlns equation for the S.tark. case: · . ·. · t 

. . 

Nn (t) a _; . [~ exp [· t . ] 't ·.· ~. · ~(n•m).· e.xp [·· t ] } (4) ~-
N0(t•Ol. n ~O . ,.(m•O, ns) . b1. 'F(n, m) 

Expretuions (3) and (4) have been. evaluated for n = 3 to tO from the te• 

sults of llllllkes and Tarter. fu the SU;lrl" case the leve~s decay somewhat more 

rapidly than in the field-free ease, but for the conditions of th~e~ pr~aent e!itporlo. 
. . ' 

mont the 'populations that survive the longest .fllght''path do. not dU'fer by more 

than a few percent lor. the two cnaea. Because o! the . .stray. mas netic fielcis in 

the experimental area,· we believe that the Stark lifetimes are appropda.ts. 

'l'he ca.lcula,ted decay o£ the states o! the n = 1 level are given 1.n Fig. i and 

the sta.ti.at1cally w·elgh~od decays o£ tho various levels are shown in Fig. Z. 

Tho theoretical croso scc:Uons ohown in Table I were av'calculated'i~r 
. . t~b 

the iield-free caao. It ca.n be shown. however, from tho results o! Hiskes :. 

that at our energy the 'stathtically averaged field..;free and 'Sta.rk cross sections 

difier at most by 5%. 

C. lonh:.atlo~ 

... , ! 

lations for e·H colllaloaa have been reported by Stauffer and McDowell • .,.) Tha . 

. results obtained. by e2:trapolat1on .from 200· to 5425-eV electrons are given 
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in Table I. Fo;-·low.-n values. these calcui.ations are smaller ~an firat·Born

approximation rcuulte by as much as a !actor of five. · Although the magni-. ~ . . 

tudes may be too small, theae results indicate that the ionization cross . 

section is approximately p.roportiona.l to·n. Excitation and ionization cross 

sections are comparable for tho ground state, but the erose sections.for 

excitation of the higher levels are il_luch greater than those for ionization. 

2. Lorentz 

Theoretical calculations .have been reported f~r the ioniiation of 

hydrogen atom~ in strong electric tt.elds, and Hiekes has shown that the~e 

result$ apply for ·~rentz ionization in a magnetic ~ield by. the equivalent · 

. 16 
electric field vX B. - ~ 

· The results of Bailey, Hiskee, and Riviere 17 (who used'the Rice .and 
18 . . . . . 

Good model) for the extreme· Stark components of the levels n = .5 to 9 · . 

· are shown in Fig. 3. Ionization of a particular level .n w~ll occur over 
. . . 
the indicated field range due to a population distribution over all Stark 

states within a given level.· Note that for n Cf 7 the threaho·ld fields for 

states of neighboring levele begin to overlap. This becomes more pro-
. . . 

nounced for very larse nt a.nd the thresholds for stateS Of as many as five . 

different levels may ~erlap for n .;:= ZS. Various states (ni, n2 , m) of 

each level have different lifetimes for radiative decay to lower sta~ea, and 

the ~haded regions indicate the range· ol spontaneous radiative transition 
. ·. . . . ·t3' 

lifetimes !or the states o£ each level • 

. IU. EXPERIMENTAL APPARATUS AND PROCEDURE 

A. \ Production of 1.0-MeV Excited Hydrogen Atoms 

The over-all experimemtal arrangement 1s .sho~n schematically in .. 
Fig. 4. The Berkeley heavy-ion.linea.r accelerator (Hllac) produced a 

·~ 

• >:. 
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beam of 20-MeV H2+ _ions:·. Thls beam _was b0nt iS deg to remove possible 
. . 

contaminants and was pa~tially dissociated by collisions in the first gas cell. 

0£ the two modes of collisional dissociation. 

·and 

the .second produces 1.0-MeV atoms with a distribution o~ exdt~d levels •. 
' . . . . . + + 

·Since only the atoms were ofintere~t, the charged particles H and Hz. 

were swept out. of the beam with ·magnet LMi. The first gas cell was filled 

wi~ H2 g~s at a ·prese~re of 2X 10~2 'torr; this gave a: good yield of neutral 

atoms and made it possible for the adjacent drift oection to be maintained_at 
. . . . 

less than :to-5 tor~. 

The magnet LM1 not only swept out the ions but also Lorentz ionized 

the highly exc:ited_neutra~ ·atoms •. The minimum fie14 used to sweep out the 

ions was 2 kG (F = vX B. := 87.4 'kV /em). whic.h is su!t'icient to Lorentz · - ... ... . . . .. 

ionize all levels above n = 10. The. field co\lld be. incr~aeed to a m&Y..imum 

.of 22 kG (9·61 kV /em), which is sufficient to. Loren.tz ionize most of the n ;;: 5 

level. By choice of ~~ appropriate field et~ength, it wa~ thus possible to 
prepare a beam of hyd~ogen at~ma in which. only the .excited leveh. n =· i to 

.· * . * . . .. : ~ .. 
n were populated,. where n could be varied from 4 to·1o. . . . . \ . 

. •· 

. i. The Neutral;Gas: Target •. 

,The neutral beam passed through a 2.00•cm·drift eectlon and. then 

entered the target section, where either a differentially pumped gas cell or 

a weakly ionized PIG discharge could be used. Th~ gas cell [Fig. S(a)) 

•• 



·. 

-9- UCRL-1'1460 

conciated of a target chamber and an intermediate-·preasure region backed by 

a iSOO liter/ aec oil·diffU:sion pump. It ~as possible to maintain the pressure 

in the intermediate region a factor of tOO lower than the pressure lnthe 

ta.rget chamber. The pres-sure in the drift eectione was again a factor of 100 

~ess. For examplee when th~ pressure in the target section was 5X io-2 torr, 

the pressure in ~e drift sections w~s appr.oximately SX to-6 torr •. 

.A base pressure of iX io-6 torr could be a.chievcd in the. gas cell. During 

operation, hydrogen: gas was continuously bled through the chamber. The gas 

was ob~lned from a cylinder of commerciafhigh-purlty gas and no further 

purification was attempted. Typical operating pressures ranged from 

1 X to-3 to 5X.1o-Z torr. 

A linear ,pressure ~rOJ) in the connecting tubes wae assumed, and the 

e!fe.cti~e length o! the ·iarget chamber wa:a taken to be 24 :t: t em, the dieta~ce 
. . 

between the midpoints of the conneC:t~ng tuJ?ea. The pz:ese\iJ;"e in the target 

chamber was m()nitored by a Westinghouse Type 7676 h~gh-ptesaure ioni.-
. . 

. zation g_auge (Schulz•Phelps gauge) •. This wa6 cross calibrated ~ith three 

liquid-nitrogen or acetone-dry·'lce trapped McLeod gauges. At best~ the .. 
McLeod gauge readings agreed within so/'o. This 'uncertainty of the absolute 

accuracy of the. McLe~d gauges and fluctuations in the calibration from day 

to day indicat~ an unc~rtainty of ;t:.tOo/o in the target-cell-.pressure measure-

ment. 

2. ]'he W.eakly :Xo'nlzed ·Target 

For the study of collisions with charg~d particles,' th~ gas target was 
. . . 

·replaced by a PIG discharge. A diagram o(the discharge chamber is shown .. 

. in Fig. 5(b). The field coils provided an. axial mngnetic field of the orde:r of 
. . . . 

29~·gauss. A brass c~mtral chamber. maintained at ground potential. served 

, as the anode. Two oxidized aluminum disks. insUlated from the anoee by 5 ... em"/ 
. . . . .. . '] 

glaua sections, served ~9 cold em.lssion cathodes. 
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, The b•am p\ilaee from tho·Borkeley Hllac are 3 msoe long, wltb a tZ 
~ .;;;,;.~: • 

1 ~ • (.. •• :~ l~ ;. '.4~· L;\." •·. 

·. . .: to ZO per second repotltlon rato. The c:lhcharge wao operated on a pulsed · ~ ·>~ .. y, .. : :· ! 
- · · · · · _ · · . · ... · · · · · . · .. · t:· .:~ r:.; :K~~) 

basis; a nosatlve potential. typically 500 volta wlth roepeet to tho anode. w-.s .7,:;.2.:;,~-J. 
. . . .. . ' . . . ' . . .. '.~~~;, ; ~:;',: ~~ 
· applied t maee before the beam pulse arrived and waa maintained fol' 5 mse~. ~.·.~--~:,:;.:~-,:: 

' ' 

... ~.-:~ · ... ·The discharge current du~lng thlD tlme waa approximately t ampere. The 

PIC operated ln hydrosen o~e~ a. pressure range from ZX to•3 to ZX tO~~ · 

.. ·torr, and the gaa was conUnuouely bled throush the chamber. Both the '-.-.·. 

applied voltage and. the preaouJ'e wero varied to achieve a raqe ·of electron: ::.:(,.;:-~:~t:·f~;-(: 
- ' . . .. · .. ::. '~·-~;~·>·~:~~~~~~: ~~~::~.-~~ 

densltloa. A maximum of t ~ loniz.atloo. could be attained... . · · .~·. J:f't:~~tY~.:.~.-.J ·. ,·,':· . . . . '. . ··. ; . ; -~ ··(~·~{:_·~·;·:·: ~~:··~i~~:·::: 

.. , Durina data runs the 'plaama clonolty was monitored by a radial Langmuir ,;·.t-:~1~;~.: 
·:; ::. ,:' '... . . . . . -~, . ;~ .. :~k:;:t~;~::;~ 

'' probe t.zs em II' om the beam axle, and. by phaoe -shift analysts of radially ~ .. ~·:}~irf~:::":;:;;~~~ 
.. ' . ·;:·. ·.::~---~¥/}.~;k.~~~·:·: 

., ··: · . propagated 8-mm mlcrowaveo. Integrated reeu.lta of a complete radial •(::~·:/~;~Jlt~·}J:: 
. ::.. . . . . . ' . ..:·: ··-.:~~~~~·~!}~~: ... ~~: 
... ;. • density profile wo~:o typlc:aUy 30'1olowel' than the microwave valuoa, so the · ;;;~~ ':l~:)::~ 

'j. ' ' ,; ' . . . :·.-;:.if~"' ' -·~'))"~~. 
· · ·' · · two valuee wore aver&~ecl. The rosulu were multlplleclby Z to aive the . ·).?.J~';:;;.t:;t 

.,·~"f' total chargecl .. particle donoity (electrons and lone). The total number of · .~;·~-~:)'~;~~-~t~f};~ 
. . . . . . . . ' ·~ : ~;·. ~\~:; .... , ~t~-~; 

· ·· · particles alona ~·- axia of the _tarset chamber wa_a cleterm.nod from tho above -~~~~i:~[If£;j~ 
... :'•-;;.:trr.~-,.~ :.._-; . ~~ , 

,, 
: ~· . . . . 

. ·, t,. 

meaourements a.od·from.measuromeota with an axially movable Langmul~ >;!~~~;;:~;~;;:~ 
: ' ' .. . . . .. · .. :!)>~i~~~~:~.;\~;~{!~~~ 

.probe with a 90-dea bend 3.5 em from tho tlp oo t,hat the probe ohaft would ··~·~;!\W::~~:-:' 1';~~l< 
.' . . . . ~ '.:· .. ~~~~~~~k~~-!:~~;~ ~~-~;~ 

not perturb the dlecharse [Fla. 5(b)). The net uncertainty ln the number ot·:_;,:\·;nM·H 
ehargec:l particles "aeen" by tho beam h eoUmatocl to be ~ ZS%. 

. . . ' . . 

·:.. } -

·· : / C. Measurement of tho Population of the Excited Lovela '·' 

- r:". /. -~· ,. '• 

· r ·-.:· · ,.. A %.Z5·cm c.trl~ oectlon, rnall\talneci at a' pl'~aaure ol to·5 to~r or i-~~~;}:;1 :fi:;~f~J 
- . • /: . .I • . . ' . ' .·. . ·. '-, :;::)! . ,i~ ;;;:!";!. 

:_: · .. connected the targe(wlth the BJU\lyzlng JHtctlon •. In thle J'e&lon._ £L oweeplng. ;,;;~~ ·~ 
"" · · ·· · · ·· · ,.. . . · ... ·• · , · .:··.§:~.' :;r.._..-. ~- .-.. 

. 
1_';i 'magnet (1..4 kCi) remQVed the protono produced by tonis'lo.g colllaiono ln the ·'..>i·-:~:~ .,,,? q~· .. 
, .. : ·. . : · · ·. · r . · · . · · . · . . · .. (~·.f.!r··-;~;ff': 

"· < .. target. Maaneto ~Z and A. toaether with tho cletectoro NC and cc. were '~:~:~~ {,~"'f!t·;~ 
. ,. . , · · . . . . ~ . . . . . . · /.}·~:>,-:·~·;;r(f~-~-t:r-~~ 
: \ _. ueed to rneaaure the;. populations of tho euclte4 levelo. ol the ·5-mm•c.tlameter \;~~~.~;~:~£;~~;~ 

. . . ' ·. . . ·. .. . .. . J;!:~'~'~1i 
'. : .. ; ' ~. ; . . .. . . ' -~~". :·~:...¥~~~~; ::.:-

• ,, • ' ' ; ' ', \ I • ,. + • '. 1 .f~ < 

' ~. . . •._ 
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. beam of neutral atoma• Masnet LM2, which has tapered pole faces, pro ... 
I.'~·. ,. 

,. <"' '.r 

duced a nonuniform flelci profile so that the. Lorentz lonlzatlon of eucceaalvely · ·' 

lower lovele occurrocl aeque.ntla.Uy la apaco o.o the beam paa.aed through this 

nonuniform fleld. C~nsequontly, the protono l'ooulting from Lorentz lonl• : · · · 
'. 

sation of levela of blah n \mcierwent large&> deflectlona iD the flold of LMZ than·.; :j .:. 

those from lower levels. Tbla procei!JB 1o Uluatrateclln the lnaet at tho bottom \ .. · 

of Fig. 4. The maxin1um fleld. strength of LM2 h t8 ~a, equivalent to an ·: . , ; 
. ·.. . . 

electric field. of 787 kV /em ln the reat frAme of tho tO·MeV H0
• · Thlo lleld la .· · ... 

sufflclent to Lorenta lonlae eome of the otatea. of the n • 5 level and all eta tea . 
,.,l 

. of the levels with n > 5 ln the time that the beam apend.o ln the field l'ealon. . . f:. '' ~ ;~· ·,, 
.• !'·. 

While the unatrlpped neutrala were monitored by the .neutral counter NC, tho ·: .. ' . , . . '; ...... , .. 

protons were steered to tbe charged-particle counter CC by tho analyzing ·· 

magnet A. The particles left tho vacuum region through t25-mlcron ... tbick .· 

.Al window a and struck the dote~tora, each of whlcb wae a .5-cm-dio.meter 

pla·atic sclntlllator connected by a 28 •em .Luclto llsht plpo .to a R~A 

type-68tOA photomultiplier tube. T!:le outputa of the photomultipliers were 
. . 

. ' ....... 
· .. 

. ~ ~ .•• f : ' . • • 

' .. 

.,- ~· . ·.' 
\- .. ".-..' 

recorded on acalera. A profile of the spatial d\etrlbutiona of tho proto no , . . : . -~ ·; 

resulting lrom l..orenta lonlzatlon of.val'loua lovele,ln LM2 W~l) obtainedby :: ',>~ ·.\ ..... 
. . ' . 

varying the tleld of A •. Good reaolutlon ln theoo prolUeo wae obtained by 
-.. ~ .'· ···:·,:_; .·. 

ualng a 3-mm-wlde by 40-~m-hlgh colllmatlq aUt ln front of tho detector CC~ 
~ . . 
'· •• · ~-- .. . • 'J ~·· 

• • i> <·~- . f.,... . '· •,.. An example la shown in Flg. 6. 

T~ permli integration.· of the counts la each peak,· tho rooolutlon of the .. 
-~~ '. ~ :' . ~~:;:~-;~. ~ 

syatem was measured by ablpplna the neutrAl beam with a 6-mlcron-thick ;;}~:b· 
. ~· - ~~. : :.. .·: .. ·~·: : '·~ "'~-·~ 

,:- · · · Al foll placed in val'loua poaltlona in the ~old of LM2 e.nd eweeplns th• .. . > 1;1; ~·};~)-:': 
• il ,. . • ' I ." ••• ;:·•' 

,~ · . · resultant proton beam with magnet A acrooo two 3-m~·wlcle collimator aUto, .';~: :.1 
.. '"' . . . . . . . . ;·· ,, !·'' :, •-j. :, 

~~ r.: . . . ~) ~ ~ ~ . 
·; A · · 22 mm apart, in front of CC. The dlaperolon, approximately 45 mm/kO,. , ~ . . ~.~J:'iJ· ' 

,;. • .. . .. • )'f' : ' .... 
. ;~0 . ·.~ ,,... . . : . . i'l.~ ''· ~-•. ,,; 

•' , . varied by t5o/o over the range of tXl&gnetlc tleld used ln LM2. From a cornparlson ::Y: . 
·.· ... 

' .. ' 

.. ': 



. . ·, 

. ~. .. -~: . . 

_,.. ' .. 

_,· .. \,_ 

:r:·.·,_' .. :·· 

~: .. t2- • ' UCRL-t t460. 
~.;' . ; : 

: .·., 
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of t:heee trajectorlou with measured J...or.•ntz pl'ofU~uJ, 1t waa estimated that ·. · 
. ' . . 

the levelo undergoiq Lorentz ionization hll.c:t o.n average ~ifetlme in the field~'·. 

of approximately 2X to•tO oec. The d.ata•co11ect1on rate was limited by the · 

response time of tho NC acaler to the very large neutral•beam intenoity, . To 

reduce the cou,ntJ.n.s time, a 0.27 •mm-thlck perforated nickel plate was placed .. 
. -~~ 

in front of tho neutral-atom detector NC to attenuate the neutral .. beam counts.··'

This plate allowed t out ot 63 lnc1cSent atomo to reach tho det~ctor, thua 

~llowlng the beam level to bo raleed by thla factor. 

A pulse-height analyeh of tho photo~ultlpllor signal& waa aleo made. . . . . "~ ·.·} '·', '\ 

Thla showed a clean elgnal at tO MeV. with some very low-energy noise. 

Dlecri~rwltora were adjusted. to remove thie DOije11. With no perforated , 

,. /-.'.nickel pla.te, it waa found that tct 0.2% of the puleos ln the neutral detector:· 
·: ... ).'- .', 

_ ;,, .. : : . . corre,sponded to u •~~:ergy t~anafei: .of 20 MoVJ_ tb!a oeta an uppel' limit o£ _ 

· · __ · o.z% on the 2H0 or H2 ° contamlDLttlon ol tho H0 b~~m·o .. ~ 

. '·· 
Since the PIG target was weakly ionized·, · lt viau necessary to. separate . · 

. ; . 
. i 1·~. • 

·out the effecto of colU.elono with neutrola. Thlo was accompUohed. by pule in& . 
' ' 

the PlO on only durlna every second beam pulse. Two Deto of ocalers were·::.~ 
-~ 1' . • • • . • •' ' . i •t'~·· .. ,:;·~-~~ :· . 

. · .. · ueed wlth each detectOI',· alid theoe_wore electronically gatod 80 tbo.t one aet ,·,:·}::~:r·::.:-:·.:: 

recorded the data for tho beam pulse when the PlO wao on, the other when· 

the PlO wtUJ oft. Tho cllfference in th$se two feadJ.nga. waa then due to col· 

lisions wlth electrona anc:l protons.· · 

An alternate method lor detetnU.ning the Loronta-lonlzatlon profile for··~~~:ti~~~~:J.{•:~}: 
r j • • ' ' /,,J,,~ l;.f·~ f t\r 

• • . . ,, \'<·;{;tfi.,--if!-·:~.(- .,., ,: 

. : i· · ·· )· the neutral a as target wao to uee a nuclear omulalon lnstoad of the counter ·,; :1;::t.t},:!i(':i'-.f; 
•• • ,~ • _ ;_ ~~~4~-.r---{~J!'"-~tr 1 • 

' l :· (' . ~".t;;S,_t'\. •!(;; .... ~.!.·,. 

.'~:~·!>;,:: .CC. For a flxecl field ln magnet J.,, tho protono wero recorded on an Word :.:?::;:'~?.·~(~-~;;:-r 
' . . ' '<.:~};}~)t)'?;J~~· 

During the exposures. ··;;}·;t.:'A:~" · · · . . : \:~'i:·f~ , K·2 nuclear emulsion placed in the vacuum oyotem. 
.'}/~l·-'·f.::,,:;· I • 

· .;,~f:(.·'· 1

; the neutral beam wao .lnonitorocS wlth NC. ,; 

. :.~~>:;~;:_. · .. : .. .. ·.' •. .. ' 

~ 

.·:-\· ,. 

~ .. ' 
. •, 

.. ~ , .·, ,'· ·. \~' ,;;~- ~ ~:·· ... ' : . . _,.: 
. , •., !1. '• 

.: ·~ .. ~~~. ' 
... --~'. {.Jo 

' .... :~ :··f .. ~~--+~:. ' '. ~· 
,·',' 

' ~ .. .· ~ ~ . . ' . ·-

~·· 
·,.I '.,'· 

J '. t •• ' •. :.~' . . ' ·, .' -~ - ', '. 

• ·,. '. : ·. ·' ,,~ ~ • J • . . ~ 
; ' ·_, . ,;·~: ). ' • .. ·.J .• '~ ~ ,·. ~ . ' .. -' 

r' ·.,_ •.• 

•, 
':'' 

.' r' 

i: ''· . 
· .. · .. - ·,· 

... 
· . .-', 

' .. ': ".. ',·· ' 

: .~ ' •· .. ' ;_' 

r;<· 
~· I• ' •!\'~ · :•• 

:·\1{:~~: -~~~·. }~:-: 
. ,· 
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When the target wae evacuated. poaitlve ldentlflcatlon of the level n 

corresponding to each peak was obtained by obs~rving the dbappea~ance o£ • · 

individual ~aka caused by Lor-entz. ionization aa the magnetic field ln ~Mt. 
' . . . . 

. . ~· . 

i ~· . 
··' 

' ., :· 
l,. < -~ ..... 

'.'·: 

' ' ... . . ' 
i 
I 

.·.•· 

was increased from sero. The dhappoa~:ance of.a particular peak was 

correlated with the theoretical predS.ctlona lor strong field lofttaatlon (.Fig. 3) · •:. 
/ .. 

to determine the correepondlng level. 
... .. 

• . .:.• .! ,···· 

·' •. ' 

To determine chaqea ln the populatlo'n of tho excited levels due to 
colllslonal excitation, LMt waa eet tO remove all incident atoma ln excit4sd 

... 4 ., ' . :_ ~ •' ,"~. 
. . . . . . 

_levels above a predetermined value n • The-repopulation of theae levele . ~ '.;·: ~~- · . 
. . ,. I~>' . ' 

was then observed as -' function of the· tarset thlcknoaa. Flsure 7 ls an 
: .. 

example obtained wlth a· nuclear emulsion for the case for which all lovell . : .. ~ .. 
. \ ~. ..·· 

;· ·.· .. 
with n>5 had boen· removed by Lorentz ionization~ and then repopulated by 

collisions wlth a2 molecules. 

·,· • < 
•• •· ~ ~ l ·;~ • 

. ' .· ~· ., .... : . 
. . . : ~ . · . . 

Population measurements for tho level.& ·sa • 6, 1 were. l'epl'oduclble : ;·.~ , .· . . ·:·:. 
. . . . . . . . . . . . . . .·· .·. ; ···(· 

within tS% when meaaul'ed wltb counters and wltbln 20% when nieaaul'ed with . :.: y:·: · 
• • . . . .· . . ·-~·-.·~-~-:·· r"' ~: ·~ 

nuclear emulsions. However, the emulsion 'eaulta averag~cl about· 30~ : , · r ~ . 

lower than the counter measurements, preownably because of a ayatematlc : , .. :' .. 

error in the apatlal resolution of the chal'se<l·particle coUI\ter, and/or the 
. i ,., .• .. -i 
• . ~-f ~ 

i . ~ ' 

scanning efficiency of the nuclear emulsions •. . ' 
l ' . ~· '; ~:.. .~ '. ~ 

·.· ·'• · . 
Ful'ther experimental details can be fol.ind ln Ret. t9 • .' 

. ~. ~;~ :· '. l '"' • .,~ ' '; 

• • • • 1 • • • • ; .' ~ '< 

·_..,, -~ '· s. r _. ... : • ": ·· . • t .. · · · , • 

\ ~· ~ . .. . >~.: ,.~. :7 .. >~-~~: .. -.< 

IV. ANAl.YSJS ANP ~SUl.TS ~ ',· :~F L' '.,··;:'\ 
. .. In the analyeh the measured popwatio~. 'WOJ'O corrected f~r racUatlvo'·: . . . ' ... 

~ ·I- .. 

... 

. . . 
• .. ::

4 
,. decay wlth the lifetime a calculated by Hiakea, Tarter, and Moody (Flg. 2)., :.: 

· .. ~~ . . ·: To make correetlona fol' radlatlve decay we aseume that there ia a statiltlcal• 
, ... 

.· ~, ... population dhtrlbutlon amons the states of a given level •. but 1t must be 

.. ,,· 
1~.., ~· ~- ..... 

'{ 

' . 
... 

.f· •. 
... . ~ 

· .. 

t \, ';~ .... ' . .. ' ' 
~ .. ·~ 

. ,. ,· 

.. 
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empbaalzed that we do. Mt In iac\ bow the population cU&t2.flbution• · .Althouah,·'; 

1D tho lnltial procees ·of formaUo~ the neutral a tome al'o · pdma.dly ln low~ 
. . ,· .·· 20 .. ' . . . . . . .'. 

anguJ.ar .. momontwn l!lt.atea. a soecllstl'lbutloa tO\'Vard higher ansular•momentum . 

. ,. ·... at.at.ea wlth the aame pl'lnclpal fiuantu.m. aumber wlU be ci.t.uee4 by luther 
· .... · . . . . Jt . . . . . . . . . ·,, 

. collh1ona ln the ca• ceU. Decay me~euornentl by Riviere OD low-:-enel'&Y 

a tome la the n • f. i ·level lncUcatod rate a lntel'medlat• between tho eo lor I. · o t • 
• < 

. : ' . ~~d a atatlstlcai clbt.:ribut1on.22 · Slmlla• decay.meaa\\r4nnent'8 'Oft the n • 6 and 
. t" 

r, .•.• { 7 levels during the pteient expoaolment;. althou.gh ll!)t VOI'Y aCC\U'&te •. are. CODf .. 

· .. ehtent wltll a 1tat1otlcal dlatributloa. · .,·. 

.. ;'·. Tho total neutral beam lncldent oa Ule tal'aet C:eU wae obtaloed by ; .~ 
' . . ' ' . · .. 

correctiDa tho obaea-voclnev.tral eounb to-. ionlzatloA ln.tbe ta.rgote. Fo~ the,. 
. . . . . . ., ·'! 

I • • 

. ,'.. ' ~ .. neutral taraet~. the ptovlouslymea•ued lonizaUou•crooe•oectlon value of. ·:: ·· 

. '' ' · o C • Z.ZX to•t& cmZ pel' Ha molecule wo.a ,..;,d, 2' and tor the IODI.~od tarseta 

we extrf.polated. t.b.e e~pel"lment&l Yalueo ot Flt.e ancl JSraekmaam y· and obtained, 

) . ; . a c • 3.3X to•t& cm2 pe~ electroG or pro&oa. . . ... . .. . . 

·. ,, / ·. · · Tho coUla1on•1_i\d.w:ecl chanao bt. the p0pulatlo~ ot the ·1ov•1D Ls ceecdbecl ;.;·;:.,-<(::''t'-''~'·:~. 

i excitation and de•excitatloa ot the Aelghbol'lng levels•· · 

) ·:, . 
·,.,· 

1-:• 1 1 • 

·.' .:•' 

., I ," 
. ' . .; 

'··;·: .. :. · .. ···,-,.···,_; . ~ . . . . .~ 

. •• • i ~. ~-[ ~? -~ ~: l '.' , 

<, J·<• •• I ,.. 
:, .. ·~ 

. , : .. 

. . ,·' . ~' . :· ..... ,,'_.·, ·' 

. . . ~': : ';. . ' . . 
.. ·,. 

•·;• 

~-·, ·, 

'. . •'· 
> · ... ·.''' ' . 

' 4 'i •':, :..::·. ~ ~·i ... ~:-;_·. :·· ;/ . .' ;'. ,'\ 

: -~ ·./._, ' - . · .. i ~- ~ . 
:. -~: ' ' ·:~ 

., ,t, 

. .:. ' 
• . "'ti 

·~ . 
.. ... 
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.. . .- A' •. ·.Lorent& lonlzatloli · · .; .. 
~ i .. 

. .' Attenuation c~rvee tor tlie le.veh · 5 through 9 have been lnv.eatlgated · ··. ,. ~ . 
. 4. . . . ·. . . . ' ' 'i ' ... ' . .. . ·.. ' ' .· . . ' :. ; :. 

· · prevlouely and found to be ln good agreement wlth the model of Rice and · , ·: · · ... · 
\ ' J • 

Cioocl. .. ·. ·: 

... ~ '·. ,·"' 

' '. 
B. The Populations of ~xclted. Levei~ of H 0 Atome fro~ Collleional .. ~-~-· '. ·····,.' .-

:.·, •.. : .• , .. ·.:· •• t -:·D~ lal . fH + ., ·· ... 
~...:._~:.:':::\·.~~ . ~' ~ ~- .. ~: :!. . ,esoc ~ on o .~ . ~·.c. · · 

.Neutral• ~rod.ucod by dhaoclatlon ot' Hz+ lone a.~o expected to be 
1

; •• :. · .; :::.: . 

excited in the P,roporti~n A/f13 • w~ero A can range .from 2 to 8 depend.i~~. ·· ~ .~ .. :· . : .. \ :· 

. on the populati.one of the a 2+ vlbratlonallevela. 24 Our rea~ta. corrected . .. . ..· '! ... :· .. ' 

' .. · ...... -:, •' 

· for radiative decay, are consistent with . .A AI. 2~ · . 5\. ' .. ' _·.,., . 
(''. . '" .... 

~ ' . . ';" -~~. ·. ~- ' 

' ~-. 
,_··· 

. ;., ... · ..... 
" . C; H 0 -Chargod-Partlcl~ ·coUlalona, ;· . . . ,· ~' . . 

' ' ~ : ', ... " ... 
The exporlmenial results for excltl.tlon by charged particle a ln a· ·: ... :· 

. . ' . . '/: 

: .. ~· 

proton-electron gaa, analyzed ln the thin-tarset •pproxlmatlon to Eq~ (5);::· ···.::~, .. · 
. .. '. 

. ~ , : , . .' ';. .. :,.; i,;,. I ,, 

~re glven in Table m ... The observed population of a a 6 was consistent · .. : .': :~.<>:: . .' .. · . 
. with i;n3 to wlthln t.o~. The pop~Uona of levela wltb n < 6 CQuld not be':·.~' -~"·: .··.~: ... ''. · .. t 

·' .. _ .-.·-···("'· .. ' 

deter~ned e~pe:rlmen~y. ·&nd WG aalllwnecl that tho 'J./a.3 diotrlbutlOl\ . 

hol.ds for n • 4 and 5 and correcte.d them for: radiative decay. · The .n ~. Z 

'~- • --> \ 

• < .• ~, ',• . ' 
; .. ~ . _. : 

.. ,·· 
~ '• " 

' '' ~ •. : :. ': {> 
' . . ', . .., ... ' 

and 3 levela were almoet completely depopulated by racllatlve decay ln the'. > ·. '·' :' .. : /: . . . . . ..,., ... ~ ::, .. 

' · 2-meter drift aoctlon. However, the a 111 4 level clld not decay completely, · '": '· ' : 

and could not be rem6v4Ui by .LlvU.. There.fore, only upper 11ml~a c~uld be _.· ·. ·. ,.~ ·:. . ... 

.I\ · · derived .for excitation from a • t and n • 4. ln tho case of excitation from 

,. 
'' 

<. 
.,. '' . . ~ •' ' 

' f .• 
·. -~ '. 

n • 5 it was ·not possible to separate. the a • a· a~ 9 populations,· which ·,:>·. _,. 

have· therefore been lumped toaether ln the table. 
' I 

Theoreticatly, the lonlzatl~n croaa aec-t1ons are predicted to bo at 

least an orc.ier of masnhu.de a~ller than the excitation cross aectiorul ·. 

• 1.' 

. ;: ~: 
' -i 

' ~ · .. - .. 
~ ,; '·. 

~ . ' . " ' ~ 
I; ~ • ~-, . ; " i I':·· ' 

< ,J . ' • :' 

• 11;,. ••••· • !:- ... 
. ~ . :: . (. 

:: .. ' ... 
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Table m. Crose sections a · , for.· excitation of iO·MeV H atoms by .. · · n,n 

t. 

4 

5 

' t 

r ' . 

colllsiona·wlth_charged particles ln a hydroseu plasma, ln uniu of 

to•18 cm2/chargod particle. The theor~dcal valuee are from Table I •. 

The estimated relative unce:rtalntlee 1n the experimental values .are 

d:_ Z5% and the absolute uncertalntloa are ~ 40'Yo. 

·-Experimental Theoretical. 

~~~-- 6 .7 88 9 7 
'' 

•, 
! 
I 

'' 

·'' 

. -,. 

' . :~·' . 

i.3. <" 0.5 

<148 . <57 

945· 210 i35 

't700 StO t90 

. . . :'~ ·-·~ . ~ ' '. 

. ;. ,. '., 
-~ . 

. ~ ' .j - ...... 

··.· 

,'•• 

• J I . 

'·~ ' . .. . ·' ...... ·~-._·, ' ... ....... : ...• ·,.· .. 

< _:~ ·;~~- ~: 
··, .' .,. .. 

.- ·"' 

. .l"~ .• • ; 

• ·f 1 ~ t r 
-' -. ~. .. . ;;•" 

;< ..... 

- ·•' 
~- •. d, ""· '· 

. ' 

·, (-
·, ."•: ' I ·~: 

. ~ . ~ . ....... 

'\' 

: 0.058 0.035 0.023 O.Oi6 
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(Table I). We w.ere · aot able to meaeue the lonlsat1on c;roea aiectione but 
. . . 

we clo observe that the amount ot.de.pletloD ot a cauaawm level can be e.ccountecl 

tor by lncreaaecl pOpulations of the other lev&la,. Thla. obaervatioa.le cOttail• · 
. . 

teat with ioniaatloda bel~ small. ~ ... ··~~ •. t>l-~ .... ·.:.: 

11-- ·•,\ • 

·.·t ·' : .... -\~: !•_• 

In thle caee contiibutlona from An > t tl"analtloae are comparable to thooo - .i. ·.· 

of An·. t. a• C&Jl be eeeD. from Fla. 1. (FI'om 0· to 50•mtorr tho approximately .. . . . . . . . .. ,_ .. 

Uuar growth with preeaul'e 61 the po~tlone of n • ., to 9 coDflrma that the~• 
. . . 

. . . 

•, ,· 

. are thin-target meaeurementa •. ) Coneeq,uently, the determination of cross 

sections for traneltlons between two levels i• dflflcult.· The difficulty le 
- r - .. 

' 
compounded by the ~ct that the ionization cross sectlons for highly exclt_ed 

.. ·. 

atoms cannot be ignored. At thla energy the around-state lonlz.atlon cross · · ·· ·~_< · .· ·: 
"" ' - . -

sect.ion.has been mea~urect23 to be 2.2X to•tS ·cm2/molecule •.. From the vari• -" - . 
. . . 

ation with pressure· of data of the kind shown in .Tab_le IV we conclude that 

. ionization ~-roes eectlons for n • 6· to. 9 are comparable to, .but perhaps as - · · .,_ , . 
'· ':· . . ' . . . . 25 ': 

much a a a factor of two l&rger than, that tor tho ground a tate~ · · ·-· · ... --
~ . . 

·T~ble IV. glvei values directly deducible from experimental data, na~ely. -. 
. . ; '. · .. ·.; ~· . ; . ~ . 

. th:e observ.ed probability .Pe.r target Hz molecule that. colllalone ot •neutrals . _ .. :·,·} ·~;:"·;_·· 

having quantum :number• lese than or equal to a.apeelfled value. n ·will popu• < 1 • .• 

late a level with principal quantum number n. Theae results were obtained 
. " , ... 

~ . . . 

with a pree•ure of 50 mtorr ln the aecond ga~ cell. 
,.· .... ~-- ·~·~ .~ 

Table V 1howa croea aeetlona for apeclflc traneltlona obtained from , 

the .data of Table IV and based on the following aaaumptlona: Levels are · , · : ·::. ·-.·> . · 
. . . 3 . '. - ... '-- ', ..... ; ~ 

initially populated as 2/n; etates of a given level are atatistlcally populated . . ' ,.,_f<\-
' 

·: and decay with Stark llfetlmeaJ and the lonl:r.atlon cross aectlone of excite~ 

... 
' . 

t'i 

. ~it;;{~~~ ... 
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Table IV. The p!'obablUty ol excttatlo~ to levels D • 6 to 9 from the eum 
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•' · ... 
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. . '."· 

· of alllevele n ~ u. 
0

, ln . wdto of tO ·ZO ~mz /molecule. . Tho stated 

errore represent the eatlmated uncertalndee ln tho unfolding of the 

.. emulalon data lato the varloua D levolo. 

6 .,. • 9 

t.OS • 0.09 0.11 • 0.09 0.72 * 0.08 0.53. 0.05 

1..46. 0.09 t.oo • o.o• 0.11 • 0.06 0.55. 0.04 

.. t.:W • o.of .t.OO • 0.06 . : 0.66. 0.04 
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. . . 

~able V. Croce. aectlone O'D~ a• for excltntlon by .colllslone wlth Hz 1G 

t 

4 

5 

6 

W:uta ot to•t8 cm2 /molecule. Tbe errore 1'e0.ect·oaly the exped• 

mental uncertalnt1ea ot Table IV • 
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. levelo .azoe the oame o.~ for the aro-~ 'etato. (Z.2X to•i8 cmZ /molecule) •. 

lonhsa.Uon ~l'oas oectlons ,\\Vice thlo alae would. la.croaae the tabulated values.· 

by about t3 %. ·. 

V. DISCUSSION 

. . . . 

The observed thl'eaho14 fteldo tol' Lo~eata locbatloa of the levels 

.D a 5 to 9 al'~ ln good agreement wlth theoreti~l c~lculatlona for olectrlc .. 

field loni&atlon. 1/'ozo coWelou wltb olectrouo OAd protons 1D o. by4J'ogen · 

plasma, the obaerved All a • t croao eectlona nl'e ill J()Ocl agreement wlth 
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. .: . ··~ . ~. 

~. :: '; 
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. ,..;, "'' ~ .. - .. 

the reoulte of calcula.tJ.ona tn which tho llrot Bo.-a, Bethe, and lmpa~t ... - . ~ . - ... 

· . "·' :' ':, parameter approxlmattone al'e ·uaed. For transi.tf.one with Aft • * z. the 

experimental reeulto appear ~ be comewhnt larger tb&;D thoae theoretically :. , 

predicted. 

Croeo aectlona fol' excltatloc by coWelon• witb neutral hydrogen . 

· ~olec:ules Al'e amaUe r tbaa lor colliolono wlth cbnrge4 partlclcu~ by about ·. 

· ... , 
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. ·'· 
; '_. ~ . ·. . ,· . 

,, 

'. ~: 

thre.c or4ero ol mag~tvde. aD4 the J'&Uoa of CI'Oao eectlou.o·w1th An > t 

to thooo wltb All~ t are lal'gol' thnn ln the .dull'ge4-parUclo caoo • 
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FIGURE ·CAPTIONS 
·,. 

-.Fig. t Radiative decay of tho populations o! the individual states of the .. · 

Flg. Z 

. level n • 7 'tor' the Stark caee. The daShed.' line ie tbe etatistlcaUy ' . . ~ . . 

avoraaed decay rate for that le\1-el. The curves are labeled by th., 

parabollc quantum number• nt• Dz· and ~ (Re~. tS~)·.. . . 

Radiative decay (statistically averaged over 'etatee) of the population · 

of tho levels n.• 3 to tO for the Stark ctue •. 
' . .. 

Fig.· 3 . Detachment llfctim.eiJ vs field. otrcqth for tho extreme Stark eompo• ·. 4
• 

.· n•nt.e of then a 5 .to to levole, using the ll.lee and Oood model . 

(from Ref. t7). · The ahaded. realon lncUcatee the range of lifetimes 

Stark sta~a of each levol (R.el. t3 )~ The daa~hod Uno ls the mean 

. ..... 
' I ' • : ~ 

· ... lifetime in .the D.eld pro!Ue used ln thle expedmeat. To achieve 
... 

... '.,.., 

Fig. 4 

Fig. S 

., .. 
this cietachmen~-lUctimo for the· n • 4 level, t300 to t6oo k.V/cm·: · 

.· 1 ' 

'· 
w~ld be requfred. 

·.· .. ' ;. .' 
. , 

. 
(a) Dlaaram oi tho aae taraot (above,). (b) .D1agram ·of tho PIG 

- .·.·. 
. -. . . ' . ~ 

. ~ .. , 
I ., < 

lndicatea the ahapo of tho ·right•anale probe used for lonaltudinal, ~-······ 
, ..... 

donelty meaeuromonta. Tho aoacl1al pi"obe la 1iuUcate4 by CD midway · . . :}> ·.: · · 
. . --,. 

~~ f i• •• / ·' 

· botwoea tho mlcre»Wavo horne (below). · ... 
-~ : .. : .. ~ .. 

·' :., 
-~·. . ' .. 

I ·. . ' . . '... ,,.·. ·. 

Lorontz•looization profUe, meaaurecl with COUDtol'a, lol' the excltoci. ,: -: ,. 
-. . '... ,'':·:\ 

levels n • 6 to 9. The peak labeled "Backgroit.nd" le duo to lonl· ·. · · .. ':> :.;.,. ···.~ · 
. . ... .: :.._ ... ··~ ··!· -~ •' '.... ·• 

· zatlon by coUlaions wltb tho background gae lo tho 4r1!t section : ·. ";: .. <~ .· .... 
between tho eweeplq maauet and LM2. The pro a sure in tho fir at · .. , . 

. . 
. . \~ 

. "· . ~ 
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and ln the 'second aaa cell <, to·6 tol'r~ · The magnetic fields wore 

t:,Mt, OJ LMZ, t3.85 kG (607 kV(cmh sweoplna masnct, i.6 kO < . 

(70kV /em), aufllclont to Lorentz ioDize lovele wlth n >tO. 

Change in· population of the levels n • 6 to .9 due to coll!slona 
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with H~ ~ AU lovele above· n • 5 of the lncldent beam were 

d.epopulated by .Loi'antz tonhation of ~i. 6,. evacuated target;· , 
·- . . ' . 

't'· 

e. 49X 10·3 torr (5. 7X 10t6 moloc:ules/cm2). 

/' 

r-, .. 
'· .-. 

• .. , 

·.-; 
.,._ _, 
',, 

' .... : ·:-'\: 
: . ;. 

. ·.; .. .·,·' : .,. .. 
··-. ~' 

i·'', ,:· '': 
'•I; 

'· 
.._;. 

·1 ··:. 
··:-

'· 
'I' 

.,, .r-· .,._ ~--· 
' ' . 

;i-; •. · . i 
··.•,,l,_ 

·.·. 
-.' ..... 

" 
,· ..... _.·· 

~., f' 

.. 1,• _, .•.• ~-

'' ·-.:, 
, ... · ... .. ; '-~~ ' ... _ . : ·:..' 

'· 
-.r·· .. 

.·•,J, ;:·-· .. 
,: .~'I 

.:-;;: -f~, 

i'' 

·. ~- . 
',. . . ·~., -··· 

:"]. .,. .. 
-'· t- ...... 

·•.:...-._, 
'·:· 

_.'.,' 

'.\ .. 
' . -~ . 

., 
.'1_, •. ~ • 

,.rf 

·.·:· 

.··· 
,•: 

. ~! f . 

~ .. 

·., 

J •. 

·,-·. 
• ·~ "0 ,., 



-27- UCRL-11460 

Distance traveled by 10-MeV H
0 

(em) 
" 

1.00 100 300 500 700 900 1100 1300 
'j 

0.9 
c 
0 0.8 -0 
:::J 0.7 
Q. 
0 

0.6 Q. 

""0 
a> 0.5 N 

0 0.4 E 
~ 

0 0.3 z 
0.2 

0.1 

0 
0 20 60 100 140 180 220 260 300 

Time 
-9 

( 10 sec) 

MUB-4402. 



-28- UCRL-11460 

Distance traveled by 10 MeV H0 (cm) 
tJ 

1.00 100 300 500 700 900 1100 1300 

c 0.9 

~ 
Q) 

'0 0.7 
c 
0 

+= 
.2 
5. 0.5 
0 
a. 

"'C 
Q) 

-~ 0.3 
c 
E 
~ 

0 

z 0.1 
n=4 

00 20 60 100 140 180 220 260 300 
Time (10-9 sec) 

MUB-2518 

7 



-29- UCRL-11460 

" 

10-8 -10 - 9 
(J 
Q) 
en -
Q) 

E 
10-9 -Q) 

'Po 

_J 

-10 
10 

Electric field (kV/cm) 

MU B-4403 

~I 



-30- UCRL-11460 

Counters 

-::::::.-lr-·r- cc T 
14cm 

NC_L 

LM2 

MU-30687-A 



•• 

I. 

I on 
gouge 

4cm I. 

v 

Beam 

-31-

lon gouge 

G,_r 
__ 8=-::eom---'-'1 i-=ne:____ 

Pump 

.14cm 20cm 

40cm 

\j 1/ \J 

!-----33cm ----f 

MU B-4500 

UCRL-11460 

17 8.4 



-0 
::c 

~ 0.12 
"0 ·u 
c: -0 
0 

2S 0.08 
Ill 
'E 
:I 
0 
(.) 

u u 0.04 

2.0 

-32- UCRL-11460 

n=8 

2.5 3.0 3.5 4.0 4.5 

Analyzer field (kg) 

MU.30685 

'1 



•· 

i 

C\1 

E 
0 

v 
IQ 

X 
L{) 

120 
~ . 
co 
"-
Q) 80 
Q. 

(/) -c: 
~ 40 
0 

(.) 

i'. 

• 
• ... 

• • • 

-33-

n=6 .. ... 
"'· 

n=7 .. 
•• • 

fit • • • • 

UCRL-11460 

n=9 • .. 
n=S ... . • ... • •• 

• 
• 
• • • 

• • • .. 
• • .... 

• 
• 

8 10 

Displacement on ernul sion (em) 

MU B-4401 



,, 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed ~n 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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