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Excitation. of 10-MeV H® Atoms
. in Neutral and 'Chnrged-Partlcle Collisions?

" Klaus H. Berkner, Selig N. Kaplan. George A. Paulikas, o
‘and Robert V. Pyle : :

. Lawrence Radiation Laboratory.
University of Californiz S _
Berkeley, California - ' ;
" October 26, 1964 |
ABSTRACT .
Tén-MeV hydrogen atoms with a distribution of excited states were
produced by collisional dissééiation of 20-MeV Hz* ions. The populations
of the higher excited levels were removed b); Lofentz fonization, and the
levels were then ﬁepopulb.ted by coliis_ional excitation ‘6f the atoms in
molecular_ or weakly fonized hydrogen targets. The populationa of the
levels n = 6 to 9 were determined by a second Lorentz ioni@ation. '

For collisions with electrons and {ons in hydrogen-plasma targets,

cross sections for transitions from the levels n = 8, 6 to n' =6, 7, 8, 9,

‘ and uppei‘ limits for the transitions n = '{ or 4 to n' =6 or 7 have been .

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

and' impact-parameter approximatlons: good agreement is found for all

~ transitions, although thoase with An = 2 are somewhat lérger than calcu-

lated.

' For molecular-hydrogen targeta. tranaiuons are observed from t.he

- sum of all levela with n € 4, 5, 6 to levels n' = 6 7 8, and 9, Cross

sections fqr_ the individual transitions from n = 5, 6 t.o the levels n' = 6, A7,, :

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

_ differ from those for charged-partlcle collisionse in éhat they are smaller by\

about three orders of magnitude, and the ratios of cross aections w;ﬁh an>%

to those of An = { are larger than in the charged-particle case.
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. 1. INTRCDUCTION

"The -probabllity of exciting & neutral ﬁydrcgen atom from pri'ncipal
quantum levelnton + 1 by a collision with a charged particle can be very

large if n is largc. For the case of hydrogen-electron collialons, Milford .

'v and co-workers! have calculated crou sections for n up to 10 uaing the

£ irst Born and Bethe' approximations. and Saraphz ha.a calculated up to

n = 40 using Seaton's impact-parameter method. The reaults of the two

calculations are in good agreement ln the high-energy region of intereet ln |

L the present work. _Bouthilettc. Healey. and Mllford?' have calculated exci-
- tation cross sections for neutral hydrogen atom-atom collisions with n < 4,

" using the first Born approximation.

In the present exparlment we have determlned t.he cross sectlons for
excltatlon from some of the lower lying etatea into statea wlth n=6to 9 '
when 10-MeV hydrogen atoma collide with a molecular hydrogen or with a

proton-electron target. Populatlons of the levels n=6to -‘9..were determinod )

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

region of valldity of the Box;n é.pproximation and allows us to obtain large’

' electric flelds with de magnetic fields (43.7 kV/cm per kG). This makes
| poaslble measurements on the nonoverlapping levels of law -lying excited

states. In additlon. the thermal motion of electrons and the capture of

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

to 7 transition induced by collisions with H, lgavc been reported previously. 4

1I. THEORY SUMMARY -

A. Excitation

vi. Electron-Atom Collisions

The cross-section calculations of Milfcxfd and ¢o-workers were
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carried out for 0.2~ to 1361-@\! elecirona by means of the first Born .
approximation and the Bethe (dipole) approxlmation. The form of the

latter is glven by .

O(n. 2"“» i' )”wa 2 C(n’ é}n'. 1) gnD(na "a.n',a e (1)

- where E is the clectron impéct energy, D is'alfunction of the cutqff mbmeno
tum and the energy &iﬁerenéc; 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 = 3 to n = 4 transitioiné for all possible £ showed = )

~ that transitions with Al = %14 predominate. One also notes that the large-

. angular-momenta states are moat easily axcited. that the ‘excitation cross-

~ sectlons incxjease very rapidly with n (approximately asn ), and that trana!-_‘
- tions with 4n = £4 dominate by about an order of inagnimde; ~ The cglculations
are estimated to be accurate to about 10% | | | |
| Croes sections of interest in the present experiment are given in Table I o
where we have evaluated the above formula at an electron energy of 5425 eV, o
‘which corresponds to 10-MeV hydrogen atoms colliding with a cold electron |
gas. As we are not éblga to diétinguish individual 1; states e:_;perin;entally.' we -
‘ emtiaticélly average them, i.e., waight thefn By (22 + 1), to find the total
_croaé sections for transitions Setweer; principal quantum lévelé (see discussicn

in Sec. IV).

The calculations of Saraph, 2 who used Seaton 8 impact-parameter method, R

.a,gree with the above results to within about 1%. Values for an electron energy o

of 5425 eV are shown_ln Table 1 together with extrapblations of other pertinent

‘excitation }:'alc'ulations.by McCarroll, ® McCrea and McKirgan, 6 and-Boydf’?

. 2. Proton-Atom Collisions

At high energiaa the Born approximation glves identical resulte for cole

~ lisions of electrons or protona of the same valocity with atozns. 12
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Table. I. Cross sections, On a'’ for collisions of 10-MeV hydrogen atoms with cold electrons
(theoretical). All entries are in units of 10_18 cmA . a, Ref. 1; b, Ref. 2; c, Ref. 5;
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.
n 1 2 3 4 5 6 7 8 9 10 11 12 Continuum
3.4 o0.52 2.8°
1 3.6° 3.3f
3.6 0.63° 0.22° 0.11° 0.058° 0.035° 0.023° 0.016° 0.012° 2.8
32%  4.5% 4.8°
2! 009 34P 298
534 64 34 19 069 048 039 g.2d 150
. 1302 a .
3 0.06 15 134P 17 10
374% a .
4] 0.014 1.1 74 374P 43 13
51 0.004 0.5 7 240 8462 932 18°€
16502 a .
6| 0.002 0.1 12 588 1650 175 22
71 7x10"% o0.05 47 1210 30702 3002 26°
4 4990% a .
8| 4X10 0.03 98 2350 4960P 481 30
9| 2x10"% 0.01 181 3930 7870% 7492 34°
4 ’ 11 900% N 198
- 7
10 | 1X 10 0.01 308 370 11900P 1080 9
11 501 9830 43€
12 750 46°

-

09%11-TdDN



8, Atoi'n-Atom Colligions

Collisions of excited hydrogen atoms with ground-atate hydrogen atoms

, ‘have been hwestigated in the firat Born approximation by Bouthilotte. Healey, - T

and Milford (BHM) Theae calculatlons are for n < 4.for: colnsione of. the type

H(n,l) ' Hus) - H(h +14, 2 } H(Zs or 2p)..

Although these are only part of the proceases bytwhich an atom can be .

o ﬂ'r',excxted from n to n + i the BHM reaults illustrate two important differences

":‘--between H-H and H-e collisions: The H-H collisions are smaller by at least

" two orders of magnitude and they have a very weak dependence onn. Their R

results were tabulated for energies up to about 4 MeV and mdicated a i/E

‘ -dependcnce at high energiea Cross sections extrapolated to 10 MeV are’ :

given in Table 44 for the indwidual transitxons and for the total of all tran-v S

" gitions, n - n + 1. »obtained by statistically weighting the 4 levols

v

- B. De-Excitatioh
o, Colllsional
At high energies the croas aections for transitions irom n to n + 1

. ,and vice versa are related by the detailed-balance expression '.'.

2

a(s*__t_i_ o

0'n. n+d

ntd, n° o,

2. Radiative i

'I‘he radiative decay of a quantum levol n is dctermined by the radi-— 3 JESRS

i ative hfetimes and the. populations of the various states of the level The :

. gen atom have recently been calculated by Hxskes, Tarter. and Moody”, and

. L vHiskes ‘and Tarter in both mphencal (field free caae) and parabolic (.Stark

-~ .- .. UCRL-11460

! 3 radaative 1 fetimos (electmc-dipole radlation) for oxcited states. of the hydro-] ey R
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Table II Cross aections in unit@ of 10 -18 cmz

for hydrogen-hydrogen '
colhsxons in which one atom undergoes the lndica.ted transinon |
" while the other atom is excited from n = 1 ton = 2. The :heoretic'al *
’ ' results of Ref. 3 have been ext_rapolated to 10 MeV by ihe assumptibn 4

of a 1/E dependence. The values in"bxjackets are ‘weighted averages "

over all? vélues.

Transition Cross section Transi'tio'_r.x‘ .- Crogs section
‘2s-3s . 0028 | 3s-4p . 0039
28 - 3p 0.043 | ""3p-4d . 0.068
28 -3d- 011 | 3a-4f - 0,206
2p-3s . 0006 |  (3-4) 0.4
2p-3p . 0036 4s - 5p  0.037
2p-3d . 0450 | af-sg L 0.234
(z-3) 0 0.490"
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- for the ﬁeld-i’me caso, and by the fonowing equation for tbe Stark cace:

R X TS - AU S - R IR S | (R
, @ }: EXP | = e * -Z-Zimm) QAP | — {4)
N (t=0) n _ Tm=0, ng}} L. 7{n, m) o

. the {fisld-free caso. It can be ahowu. however, £rom tho resulw of Hiskes

e UCRL-%%O |

_ caae) cooxdinates. omce the population of the atatea wae not known. we

aasumecl thaﬁ initiany &11 states (n. 2, £ m)in the fmlda.frew caa@ Qr

\

(”i' az, # m)in the %ark. cane ware eqmny popul&ted. The timea develap- i

ment ef the number o£ particles in the level n ls the"n glven by

' S Z (21 + i)axp - S o ud3y
N,(t=0) . =n Ted) |
‘ o 33_0 : T :
15&“4_"}‘_' :

=0 - . Im=

n
, i : 4 R
Expremiom (3) end (4) h&we been evaluased ior n=3 to 40 {rom the re-

gults of Hisken and Tarter. In the Stark case the leve}.o decay somewhat more IREN

rapidly than {n the field- £ree case, but for the conaitiona of tlm pmsent e p&&‘le'_

men& the populationa that nurviva the Iongemt mgm patb. do noﬁ differ by more

than a few percent for the two cases. Because of the stray. nmsnetic fz.elms in

the expetimental area, we believe that the Stark lif.etimea are appropriste.

~ The calculated decay of tha states of the n = 7 level are glven iu Fig. 14 mnd

N the atatistlcally weighted decays of the varicus levels ere ahown in Fig. 2.

The theoretical cross sectiona shown in Table I vere a&l cmlcnlatad ’x’or

that at our energy the statisticnlly averaged ﬁeld-ifree and 'smm cross sections

differ at most by 5%,

C. lonization

i. Cellirinnal

DU ADREIY

For fonization of excited hydrogen atoms, Bethe pnproximaticn calcu-

_ lations for e~H collisions have been reported by Staviler and McDowell. _ 'E‘I:/m SRR

.msults obtainod by extrapoiatien from 200- to 5425-6\' electrons are gwen

i

15 b' s |
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in Table'l For‘l'o'w"-n values. theée calcuiatioos are smallc:; than fi:etoﬁofn;
apprommation results by as m\zch as a factor of five 'Alﬁhoughv thomagnli- |
tudes may be too amall. these results indicate that t.he iouizatton cross
-ection is approximately proportional to n. Excltatxon and ionization cross
: sectiona are compatable for the ground state. but the cross sectlons for
excitatxon of the higher leVels are much greater than those for ionizatlon
| 2. Lorentz |

Theoretical calculations ‘have been reported for the ionizatiorx of
hydrogen atoms in ntrong electric fields, and Hiskes has ahown that these
results apply for Lorentz ionlzation in a magnetic field by the equivalent s
electric field yX B. 16 | ‘ | ‘ ‘ - o

- The results of Bailey. Hiskes. and Rivwre T {who osed'tho Ricev,and'

_ (:‘rood18 model) for the extreme' Stark compon.oxita of thé. l_cvels n’:-."s to9
“are shown in Fig. 3. Ionization of a particular levell n w‘ill ocour ofor |
the indicated field range due to a population dietnbution over all Stark
states within a given level.’ Note that for n = 7 the threshold fields for
states of neighboring levels begin to overlap. This becomes more pro-
nounced for very large n, and the thresholds for states of as many as ﬁve
different levels may overlap for n = 25, Various states (n‘. n,» m) of
each level have different lee.timea for radiative decay to lowor states, and
‘the shaded z;egions-indicate the fange'of sponta.neoﬁs radiative tr‘aositlon ’

lifetimes for the states of each level. 1>

" II. EXPERIMENTAL APPARATUS AND PROCEDURE

. - Production of 10--Me\} Excited Hydrogen Atoms

The over-all experimental arra.ngement is shown achematicany in

Fig. 4. The Berkeley heavy ~-lon linear accelerator (Hilac} produced a
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lbearx;x of ZO-Mé‘YHZ.fiorvxs.’ . This boérﬁ was be‘nt. 15 d'evg» to 'remove poésible o
" contaminants and wa.s pa;’tiéliy dissociated by collisions in the fi:at gas cell.
‘Of t.ho two modes of collijsioxial dis;soci_aﬁon, o |

oH, - ZH*A'&-"e‘;'
- and

. .'H2+‘ . H+ ‘ + Hlo(n.' ﬁ‘)(, _ SR
| the second produces 10-MeV atoms with a distributiom of excﬁted levela. .
v 'Since only the atoms were of. interest, the charged particles H* and HZ
‘were swept out of the beam with magne‘c LMi The ﬁrst. gas cell was fineol .
v”thh Hz gas at a preaaure of ZX 10 2 torr; this gaVe a good yield of neutral
atoms and made it possible for the adjaccnt drift oection to be maintamed atl
leas than 10~ -5 torr. , | |
The magnet LM& not only swvept out t.ha ions but also Lorentz ionized
the highly excited__neut-_ral‘ atoms. The minimum field used to sweep out the .

ions was 2 kG (F = xxg = 87.4‘kV/cm), which is sufficient to Lo'rentai

. ionize all levels abové n = 10. The field could be increased to a mammum o

of AZ kG (961 kV/cm). which is sufﬁcicnt to Lorentz ionize most of the “, = 5

" level. By choice of the ap?:'opriate field atrength. it was thus possible to

prepare a beam of hydrogen atoms in which only the. excited levels n = ﬁ to

o
n were populated. where n* could be varied from 4 to 10

i ‘é_‘ B. "I’é."r&efs .

4. The Neutral Gas: Target
‘ The neutral beam passed through a ZOO-cm drlft eection and then

. ontered the target section. -_wh_ere either a differentially pumped gas cell or

""" a weakly ionized PIG discharge could be used. The gas cell [Fig. 5a)]

L.
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consisted of a target chamber and an intermediato-pressure region backed by
a 1500 liter/sec oil-dszu_sion pump. It was posmble to mainta,in the pressure
in the intermediate vregion a factor of 100 lower -tnan the pressur‘e in the -

targot chamber. The pressure in the drift aections was again a factor of 100

lesa. For example, when the preasure in the target section was 5X10-2 torr,

the pressure in the drift sections was approximately 5X10-6 torr.

A base pressure of 1X 10'6 torr could be a'.chieved in the gas cell. Duriog '
operation, hydrog'eri gas was continuously bled through the chamber. The gaa"‘

was obtélned from a cylinder o£ commercial-high-p&rity ‘gas and no further

. purification was attempted Typical operating pressures ranged from

-4 X10’3 to 5X 10‘2 torr.

' A linear pressure drop in the connecting tubes waa assumed, and the

effective length of the target cha.mber was taken to be 24 + 1 cm, the distance

- between the midpoints of the connecting tubes, The presaure in the target »

chamber was monitored by a Westinghouae ‘I‘ype 7676 high-presaure ioni-

_zation gauge (Schulz:-Phelps gauge) Thia was Cross calibrated with three

Hquid-nitrogen or acetone-dry-ice trapped M'cLeod gaugeé. At best, the

McLeod gauge readmga agreed within 5%. This uncertainty of the absolute
accuracy of the McLeod gauges and ﬂuctuations £n the calzhratlon froin day

to day indicate an uncertainty of &. 10% in the targot-cell-pressure measure~
ment. | | | | |

2. The Weakly Ion}.zed Ta g

For the smdy of collisiona with charged particles, the gae target waa

_ ‘replaced by a PI1G discharge. .A diagram of the dischargo chamber is shown
in Fig. S(b).' The field cofls provided an' axial magnetic field of the order o_f _ -

299}_gauss. A brass contral chamber, maintained at groﬁod potential, served

- as the anodo. Two oxidized é.lum;num disks, ii;su’la.ted from the anot:r: by 5~cm’“~.f _

glass sections, served a8 cold emission cathodes,
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The beam pulsea Irom tho Berkeley Hﬂnc are 3 meoc long. wlth a 12

'to 20 per second rep@tmon rato. {The dlscharge wau opcratad on a pu.laod
= baala; a negntive potentlal. typically 500 volts wuh roepect to tha anode. wa.s :
B ‘applted 1 msec before tha beam pulae arriwd and wag maimalnad for 5 msec

, -vv‘f"l'he discharge current during t.hla time was approximataly 1 ampere. The i

. PIG operated ln hydrogen ovor a. prusure range from ZX 10"'3 to 2% 10"2
_4-:%,3'»‘0". and the gaa was conunucmely bled thzough the chamber. Both the
. a'applled voltage and tho pressure wero varied to achievo a rango c! electron
: densltlea. A maximum of 1% ionlmuon could be attalned. B | '
- During data runs the plaamn dennity was monitored by Y mdial Langmui:
';-_fbrobe 1.25 cm from the beam axis. and by phaoe-shift analyals -ol radially‘ 5
; propagited B-m;n m1¢row§veo'. lntegra.ted results of complate radial
i density profuo wcre typlcauy 30% lowor than tha mlc:awave vn!.uaa. 80 the
.two valuss were avoraged. - The reﬂults wero muluplled by 2 to give the:

| ""ftotal charged—particle denonity (electrona and Sona), 'rhe t«otal number oi

g partieles along the axis of the target chamber was determlned fx'om the above

»‘ ,'f: | measummentn and from measuroments wlth an axially movabla Langmulr Lf
| probe with a 90-deg bend 3.5 cm Irom tha up oo that the probe shaft would |
"not pcrturb the.dlscharge (Fig. 5(b)‘] 'l‘he net unc:ertalnty in the numbar ol

B charged particles "seen" by tho beam i °°“m“°d to be & 25%’

. C., ;_Meaoh’rem&ht'of tho Popuvlatlon‘ 6f the ﬁxclted 'I'.,,ev;ela.'

A 225-cm drlft ooctian. malntnined a.t a preaauro of 10 5 torr vor lesa
;‘VHCODMcted the tsrget wlth the mlyming eectlon. In this region. o oweepmg
?nasnct (1 4 kG) removed the protono produce& by loniaing couisione in the E
‘_'target. | Magneto LMz nnd A. together with the detoctom NC and cC, wera

..‘_::uaed to measure the populattons of tho eucued lovela ot the S-mm-dlameter




1 .of the levels wlth n>5%in the timo that the beam apendu in the ﬂeld region. ‘

~type-6840A photomultiplier tubs. The outputs of the photomulti'p‘liers were -’
S recorded on ecalers. A proﬂle of the apatial dlstribuﬂonc of t.he px-otono

gere ucnx.queo

_beam of noutml atoms, Magnet LM2, which has taperod pole faces, pro- -

duced a nonunuorm ﬁe!d proﬂle 80 that the Lorcnta lonlzatlon of succasaively

lower levela occurred aequentlauy in epaco as t.ho beam pa.asod through this .

nonuniform field, Conaequently. the protono rooulting from Lorentz jonis ° R
~ zation of levela of high n underwant htger dcﬂecttona in tho field of LM2 than
those from lowor levels. 'rhla procnns 11} mwstratod in the inset at the bottom
" of Fig. 4. 'l’he maximum ﬁald strength of LMZ ie 48 kG, equivalent to nn _' "
electric field of 787 kV/cm in the rest {rame ol the 10 MeV H°. Thic fleld is .' LR

sufficient to Lorents fonize somae ot the otaten of the n s 5 level and all statoa -

While the unstripped neutrala were monitored by the neutral com\ter NG. the _1. o

protons were stoered to the charged-particle countet cC by the analyzing .
magnet A. The particloa ‘left the vacuum togion throngh 125-micronothick

Al windows and struck the dotectora. sach of whlch was a 5'°m'd‘nmetgr | .». RS

plastic scintillator connected by a 28-cm Lucite light pipo_ toa RQA T

dor

reculung from Lorents 10nlzatlon of various lovalo in .LMZ wao obtained by
varying the fleld of A. Good reaolutlon in theoe proﬂleo wao obtained by
uaing a B-mm-wlde by 40-mm-h£gh collimatlng ollt in tront of tho detector QC |
An example is shown in Fig. 6. .

To parmit meogration of tho cauntu iu aach paak. tho reno).ution of the

: syatem was measurad by ntripplng the neutral beam with a 6~mlcron-thick
'fAl foil placed in various poumoua tn the ﬁe!.d ol LMZ ancl oweep!ng tho A
i resultant proton beam with mgnet A across two S-mm,wwlde collimator olite.

22 mm apart. in front of CC. The dlaperaion, approximatoly 45 mm/kG. o A
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of aPProxlmately 2X 10"0 sec., ’X’ha data-collection rate was limited by the

. anowiug the beam lavel to be ralaed by this factor.

: . This showed a clean algnal at 10 MeV, with some very low -energy noiseo )

PR

UE:RL;wxod_ "

of thase trajectok.riou wlth meaam‘ed Lorentn promen, it waa estimated thatvr,
the levels undorgoing Lorema xoniza.tion had an averagc luczime in t.he i’leld
reaponae time of tho! NC ocalet to the very large nontra.l -beam 1ntenoity. To :
reduce the counung time. e 0. 27 ‘mm-thlck perforatcd nlckel plate was placed
in front of the neutra1~atom detector NC to attenuata the neutrak-»beam counts.
 This plate allowed | out of 63 lncident atoma to reach tho detoctor. thus s

N A pulse-height analysis of tho photomultipner cigmls wao a).ao made.
Diacrimlnatore were adjuatod to remove this noiu. With no perforuted
-_ nickel plate. it was found that % 0.2% of the pulses ln the neutral detector
corraaponded to an energy transfor o! 20 Mon thka oetu an upper umn ot
0. Z% on the 2H° or I-Iz conta.minn,uon of the H° bcam. ‘ . , L
| Since the PIG ta.rgot was weakly ionlzed. it ‘was neceoaary to saparats
out the effecto oI coniaiono wlth neutrals, Thlo wae accompnshed by puleing
the P1G on only during every second beam pulsm ‘Two seto of acalere were -
- ueed wlth each detector. and thene wore eloctronically gaeadvao that one aet :
: _recorded the data for the beam pulua when tho PIG waso on, the other when v
the PI1G was off. The dlllerence in those two readlngﬁ wao thén due to col-
‘liaiona with eloctrons and prowns. :
| An alterna.to method for dotermlning the Loronta -lonizatton proﬁle for
the neutral gas target was to uge a nuclear. ox;uﬂston imtead of the counter
. CC.. For a fixed ﬂeld in ma.gnet A, tho protonn were recorded on an m’ard

J‘- Ka2 nuclear emulsion placed in the vacuum oyotem‘ ,Durlng tho expoaurca

. the .ngutral beam was monitored with NC.. k
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3. Ucnn-xiééo e

When the target was ovacuat.ed. posmve 1dontt£lcatlon of the level n
corroeponding to ea.ch peak was obtalned by obaerving the dinppeara.nca of
individual pea.ke caused by Lorontz lonlzatlon as the magnotic ﬁeld in LM1 o

 was increased from garo, The disappearance o! a particular peak was

> ' correlated wlth the thaoretlcal pred&cuono Ior s:rong field ionization (F is- 3)

o ~ to determine the corresponding level. ' , ‘ | _
. To detarmine changee in the population o! the exclted levela due to

coll&aional excltatlon. LMi was set to ramavo all lncident atomo m excited .

SR

levels above a predeterm#ned value n*, The~repqpulatlon ol the_ua levels : ;
. was then obserﬁ'e’d as a iunction ot the‘t.arget thickxioee. Flguie 7 la an'i I,  .:'
| example obtained with a nuclear emuleion for tho caso for which an levels e

' with 5 had been: removed by Lountz lonlzatlon. and then repopnlated by ' EEE

coniaione with Hz moleculu.
Populatlon measuromenta for the levclc n = 6 7 were roproduclble
within 15% whon measured wtth counters and withln ZO% when meaaured with

nuclear emuleiona. Howevor. the omuloiou results averagod about 30%

- lower than tho counter moaaurementa. prooumbly because of a nyutematlc
~ . error in the apatial rosoluuon of the chargod-pattlclo couuter. and/or the :

scanning efficlency ol the nuclear omulaiona. :

. Further oxperimontal details can be iound in Ref 19.

¢

1v, ANALYSIS AND RESUL'I’S_ SR
. | L ( In the ana.lyoil t.ho meanured populationa wore corrected £or radlativo
‘ ,' decay with the lifetimes calculated by Hiskes, Tartor. and Moody (Flg. 2),°

if(, «; To make correceiono for radiative docay we assume that there ia 2 statiotical

pop\dation diatribuuon among the sutee of a givan 1evol. but 1t must be
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empbaaised that we do not in hct kuow the 909“’3'“0“ dﬁatribntion. ,: Although

T,

1n the inmal procesa of iormation. tbo neutral atoms are pr&maxuy in low» -‘
20

VA TR

B : anamg-momontum utatea. & redlstﬂbuuon toward hlgher m&“"“"m"m“t“m

" states wlth tho same prlnclpal quanmm m.\mbor will be cnuead by (urt.hor

RS B b e RN o 267

'vcomalons in the gas eou. 24 Dcc‘ay maaaurements by Rivlan on low -enotgy'

atome ln the n « 44 lavo). indicated rates !.ntormodlato bet\vaan thooe tor 2 e 4
' 22

"'fﬁand a statistical -distribuuon. Slmnu decay maaaurements onthe n = 6 and

'_'? levole during the pteaent cxpertment. am\ough not very accmrata. are cona

, siatent with a nmuoucnl diatribuuon. ‘

.

’I‘he cotal neutral beam incldent on ‘ha ta.rget cou woe obtainod by

“ correcung the obnervad neut.ml counts for Lon&zation in the targeta. For thc

‘ neutral taxaets. thc provioualy meae\mad lonlsationmrosmaectlon vahm oﬁ

Ve ® z.zx 10“8 cm® per H, molocule waa \med,zs and tot the !.onhod targets

" we oxgnpolatcd the experlmental values ol Fite and Bmckmann" and obeained

C e 3. BXiO"s cmz

por euczron or. proton.  1

umea target deuslty). and N (w) ia tha number of amms ta the xevel a aftar

paanlng thr.ough an olomont o! targat micknoeo o, ‘I‘ho nrnt torm on the right-

: hand aide deoctlbea the loeaes {rom the level n ﬂue to lonlnauon. do-axcitation

and escitation oi that level. ) The aocond tcrm deocriben gnlno reoumna trom

vexnltation and de -axcitauon e! tha nelghbortng levels. -




prevlouely end !ound to be in good agreement wlth the model of Rice and

Good.

., excited in the proportion A/n R where A can range from 2'to 8 doponding '-‘
on the populatlone of the HZ vlbratlonal levele. 24 Our resulte. correcteﬂ

. -for radiauu decay. are coneletent wtth A - 2. ‘: o

proton-electton gas, analyaed in the thin-terget approxlmatlon to l:q. (5). .

are given in Table m. The obeerved population ofne 6 wae coneletent

. holds for n = 4 and 5 and corrected them for radiatlve decay. 'I‘he n=2.

e and 3 levele were almost completely depopula.ted by radiatlw decay in thc

; ﬂz-meter drlft eectton. However, ‘the n » 4 level did not decay completely

and could not be renmved by m‘i. Theretore. euly upper llmu;e could be

o i‘f.}’,";“"derlved for excitatlon from n = {and ns 4. In the caee o£ excitation {rom
_ n s 5 it was not possible to separate the ne 8 a.nd 9 populatlom. which

: _ have therefore been lumped together in the mble. .‘f

T ' least an order of magnitude ema.ner than the excttation cross. sectiona o

Cet8e o UL UCRLe11460 v

A ,i Lorents IOnizatioe )

Attenuation c‘m'" ‘" ﬂ“ 1‘“"“ 5 th"wsh 9 hnve been lnvestigated 1;‘

= B; The Populations of Excited Levela of H° Atome !rom Colllaional.

A iy i_if.»'-'v.,' ‘1.; ti:'f'i-i:,“ Dissoclation o{ HL

RO A}p-«-. et e wen e

f Neutrals produced by dlesociatlon of Hz lone are expected to be

- -Gy H’-Chﬁrgdd-?articie"Conteions:_:?-;f

| The experlmental reeulte Ior excltation by cluu-ged particlee ln a

" with Z/n to wuhm 10% The populmom of levele with n < 6 could not be U

L 'determined experimentally. .and we assumed that the Z/n dietributlon |

Theo:eticany. the ionizatlon croea eectlone are predicted to be at



Table III. Cross s’éét&ons b‘ "a"foyr' ’excitation of 40-MeV H atoms by
. 9
collisions with charged parﬁcles in & hydrogen plaama. in units of
10'48 cmz/chargod particle. 'rhe theoretical valuea are from Table I.

| 3 The ostimated relativa uncartainties ln the experimental va.mea are

.‘ -‘& 25% and the abaoluto uncaxtaintlos are t 40%.

. v.vaExper._imcntal n | Theoretical -
n'= 6 1 .s8 5 9 | ‘e - 1 8 .

1 | < 43 <05 o o | 0058 0035 0023

D <448 <87 o hoess o gl

‘ 846,5Ff-93 i Y
 1_465o;wi1475f¥55*

o W o
R 0
: "
o .
i~
-~
(=]
e
W
e ]
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©mg e e

o jsections for transltions botwoon two lovela is dﬂﬁcnlt. The difficulty io
. section has been meaaure623 to ba 2.2X10
| much as a factor of two larger than. that for the ground otate.

'having quantum numbert loso than ox equal to a spocuied valuo nﬁ will popu- -
" late a levcl wlth prlncipal quantum number n. Thcu rosulta were obtained

- with a proasure of 50 mtorr in the aocond gas coll. i “

b lnitially populated as 2/n states of a given level are atatlatlcally populated

and decay with Stark lifetimea; and the ionization cross sections of excited

e chix....iuso B

. w

(Table I). Wo woro not able to moaauro tho ion!zauon croes uectiona but =

| we do obeorve that tho amount ot dopletion of a quantum lovel can be accounted |
for by inercaaod po;m.latiom of the other levbla. This. oboorvatlou is conoi.a- ST
tent with lonizatiods boing omall S _

-

COEEe o Dy n“,-az Couiolonb L

ln thio caso contributiona from An >4 tramltloos are comparable to thoao

. of An = {, as can bo seen !rom Fig. 1. (From 0-= to 80~-mtory the approadmately

: ‘are thin-target moaeuremento.) Conoequently. the detormimtton ol cross

ru.

, compounded by tho tact that the ionizaﬁon cross sectlono for Mghly excltod ’

' atoms cannot be ignorod. At this energy the ground-atato ionization cross BT

-18 cmz/molocule. From the vari- '

- ation with prouuro of data of the kind shown in Tablo IV we concludo that '

lonization croea sections for n a 6 to 9 are comparable to. but perhaps as

25 .

Table 1v givea valuec directly doducible from experimental data. namoly )

.or

Table V shows croau sections tor apeciﬂc tranaitlono obtainod from

the data of Table IV and based on the tollowsng auumptiono. } Lovols are - '

. lnear growth with prouuro of the populatlono ot ne= 6 to 9 connrms that theso

o the obeerved probabmty per targct H, moloculo that collisions of neutrala ’:

.
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© Table 1V, Théigr:obtib_luty o!,éxéﬁaﬁ#n to levals neb to 9 from the sum

o - ofalllevelsn % n’, {n unito of 10729 em?/ molecule, - ThC..atate‘d' il

P ‘ _erroz;s_ repréaed tﬁa eatlmitad uncertainties in the ﬁnfoldlng of the

_~...emulsion data into the various n levels.

1,034 0,09 . 0.77 4 0.08

1,46 £0.09 . 1,00 £0.0¢
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Table V. Cross nectione' v" -

' h’?n'

L3

UCRL-14460

a' for 'excitation by,éo'mslone-with H, Ia

* units of 10"18 cmz/molacu.le. The errors reﬂoct only the exper&- o

mental uncertainneo of Table IV

[

§

Ivv

£y o

o »oa

'€ 0.044
<49
0.67 & 0.24

< 0.009 _

<1.3

0,32 2 0.40
0.84 % 0,43 -

< 0.008
<14

:0.065 80,15

7 0,40 10,20

+

<0.006 -

€ Q, 8 j_. e -
0.025 0,08 ¢ -
' 0.46 ao.ié_"_- :

*
, .
Coe o
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r . . . 3 L
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_‘4leveln are the aame o8 iar tho gronnd atate (2.2X 10"18 cmz/molecule)

Ionlaanon cross aection.s twice this size would increase tha tabula,md m&ma ,.

neSto 9 ara lu good agroemant with meoreucax calculauona for e!ceerica '

.20 o UCRL-14460

L

by _abou& _ 13%.

V. DISCUSSION

The obaorved threahold fieldo tor Lorents tonizatlon of the levele

v ﬁeld sonisation. For ccmalono w!th olectronn tmd protons in & hydrogen
g | 'plasma. tho observed An s & 4 crooo oaections are in gaod agroeement wﬁth
s the results of calculationa in whlch the flrst Born, Bethe. and impacte
ik ' parametay approx&mauons are used, For transitions with An a2 2, ttw .ﬁ -

;, oxpers.mentax reaultu appear to ba aomewhnt larger than &hoae thcotet!cally‘ :

pradicted.

Croso aec;ioné. for excitation by colliclons with nébﬁtax hydrogen - '

‘&xolac\"a‘lca are emnér than for collicions with clmiéed fxarticlas by about

threc ordero cf magnimda. and the ratlos of exoss sections with Hn > 1

3

4 to those with An = 1 are larger than fo tha chnrged-parucle caso.
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Radiatlve decay o! tho populations of thc 1ndtvidua1 statea of the

- leveln = 7 for the Stark cage. The dnshad line is the statlatieauy

Fig. 2

' awréged deéay rate for that level. ‘I’hc curves are labeled by the "i‘j;’-

parabolic quantum numbers Dy ”2’ ‘and m (Ret‘ 15a)

Radlativa decay (ztatisticauy avera.ged over states) of the population '"

- o! the levela n=3 to 10 fox the Stark case. o

o fm’g.";

" for sponsaneous rad&ative transitions to lovmr levels for the various : L

f.jlifeume in the field proiue uaed Sn thie exparlment. To achieve f: L

| Fig.‘v 4
Fig. 5

; would be requlrod. o _
' Diagram of tha oxperlmenm arrangemont. o N _
‘ {a) Dlagram ol tho gas target (above). (b) Dugram of the PIG

Detachmont lifetimea ve tleld ntrenath for the extremc Stark compo- T
. nenta of thc n a5 to 10 levels. uaing the Rice ‘and Good model |
- (from Rei.. 17) The shaded region indicates the range of ntetimes

Stark atatea ot aach level (Rai. 13). The dashed llm fe the mean

 this detachmeat llfeume for the n = 4 level. 1300 to 1600 kV/cm

. : dischargeotaxget chamber (dro.wa to ‘cue) Thc daohod une .'

indicates the ahapo of the right-angle probe used for longltudi nal O T

denaity meuuxomonts. The radial probe is indlcatod by ® msdway

B betwoen the micrcwave horns (bolow).

o zation by comsiono wlth the baokground gas in the drift section

Lorentn-ionlutlon prolue. measured with counters, lo: the excited

1°"°1' n=6to 9 The poak labeled "BaCRsrmmd" is dus to fonie |

between the gweeping magngt and ,LMZ. The preaautc in the ﬁrat '




| Fig.

, LM&. 03 LM2, 43, 85 kG (607 kV/cm); aweaplm mngnct. 1.6 kG

~ L - 'Ucm_.-,.u-sﬁo PR

gaa cen was 24X iO‘s torr (i X 1016 Hz moleculcs per cm ),

" and in the second gaa ceu < 10-6 to:r. The magmt&c flelde wore

(70kV/ cm), auificlent to Lorentz {onize levels with n > 10. o i

Change in population of the levels ne 6 to 9 due to couisiona

with HZ' All levele above n= 5 o£ the hzcident beam were.

dapopulated by Lorent.. ionization of LMﬁ 0. evacuatad target.’

16 moleculee/cm )e

.

e, 49X 50"3'to:r' (5.7X 10
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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 in
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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