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Technical Report No. 2, Project No. B-2007

A Listing of Publications Concerning

the Formation and Destruction of Excited States

by Collisions Between Atomic Systems

A listing has been made of the sources of experimental data concerning
the formation and destruction of excited states by atom-atom and ion-atom
collisions. All processes occurring at impact energies less than 10 eV have
been excluded. This compilation is believed to be complete as of 1 July
1968. This present compilation replaces and updates a previous listing
by the same author.*

The listing is in four sections, each of which includes tabulations
of reactants, range of impact energy, assessment of data accuracy and
references., The four separate sections are as follows:

Section 1.

The formation of excited states by the collision of two ground state
atomic structures under single collision conditions. Such data will in
general be expressed in the form of cross sections either on an absolute
or-relative basis.

Section 2.

Differential inelastic scattering with the formation of an excited
state, by the collision of two atomic structures under single collision
conditions. ©Such date will in general be expressed in the form of a cross

section.

*
E. W. Thomas, "A Listing of Available Experimental Data on the Formation and
Destruction of Excited States by Collisions between Atomic Systems." AEC Report
Number OR0-2591-22, 30 October 1966.
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Section 3.

Collisional quenching of excited states under single collision con-
dition. ©Such data will in general be expressed in the form of cross
sections, either on an absolute or relative basis.

Section 4.

The formation of excited states in beams of particles passing through
a gas or plasma, under multiple collision conditions. Such data can only
be expressed in the form of the relative population of various states in
the emergent beam.

Each section is separately accompanied by an explanation of the symbols

used and full references. No data obtained prior to 1940 is included

since these have been adequately summarized by Maurer and Massey (see

references below.).




Reviews

The following reviews are particularly important in this subject and
are listed in historical order.

W. Maurer. '"The Excitation of Light by Ionic and Atomic Collisions,"
Phys. Zeits. 40, 161, 1939

H. S. W. Massey and E. H. S. Burhop. "Electronic and Ionic Impact
Phenomena." (London, Oxford University Press) 1952, p. 533

S. N. Ghosh and B. N. Srivastava. "Exciting Particles for Auroral
Spectra." Zeits. fur Astrophysik 53, 186, 1961

S. N. Ghosh and B. N. Srivastava. "Excitation of Spectra by Ion
Bombardment." Proc. Nat. Acad. Sci. India A32, 231, 1962

F. J. de Heer. "Experimental Studies of Excitation in Collisions

Between Atomic and Ionic Systems." Advances in Atomic and Molecular
Physics (Ed Bates and Estermann) Volume II, p. 328, 1966
N. V. Fedorenko, V. A. Ankudinov, and R. N. Il'in. '"Lorentz Ionization

of Highly Excited Hydrogen Atoms." Soviet Physics, J.E.T.P. 10, L61, 1966




Section 1

The Formation of Excited Atoms and Ions by Impact Between Two

Ground State Atomic or Molecular Structures

Under Single Collision Conditions

Most of the experiments in this listing employed optical detection
techniques. Investigations on the formation of metastable and other long
lived excited states using alternative techniques are also included.
Experiments involving differential inelastic scattering leading to the
formation of definite excited states are covered by Section 2. The key to
the tabular presentation is as follows.

Column 1 gives the incident fast particles, arranged in order of
increasihg molecular weight and state of ionization (where applicable).

Column 2 gives the target particle in order of increasing molecular
welght.

fLriumn 3 gives energy range in KeV,

Column 4 gives excited state investigated (spectroscopic notation).

Column 5 gives information on the type of data presented.

E.....Denotes that the measurements are expressed only in the
form of a cross section for the emission of a particular
spectral line,

Q.....Denotes that estimates are made of cross sections for
forming specific excited states.

P.....Denotes that the polarization fraction of the emission
is measured.

T, F & M.....Used where both projectile and target may give rise to
the emission of the same spectral line (e.g. H + H).
Denotes either that the target emission (T) and projectile

"




emission (F) are measured separately, or that the measurement
is a sum of both emissions (M).
R.....Denotes that the measurements include data on the apparent
rotational temperature of an excited molecular state.
m.....Denotes that the measurement of polarization fraction is used
to derive cross sections for the excitation of different
magnetic guantum number sublevels.
Column 6 gives an assessment of the usefulness of the measurements.
A series of results is classified as poor on the ground of error, poorly
determined beam composition or energy or low accuracy.

A.....Denotes good quality absolute measurements.

B.....Denotes poor quality absolute measurements.
C.....Denotes good quality relative measurements.

D.....Denotes poor quality relative measurements.

In cases where the classification D has been assigned, the published
information generally consists of little more than an optical emission
spectrum with no quantitative measurement of relative intensity of the
various spectral lines.

© Column 7 comments.
Column 8 reference to published work.
Where a number of papers on one collision coﬁbination have been

published by the same group, the reference symbols are all included on

the same line.
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H He 60-150 | Hel Q Q Ro 67
H He 5-40 HI Q A Ank 67ii
H Ne 5-40 HI Q A Ank 6711
H No 100 N2,N2+ E D Qualitative no data Br 5k
H No 2.4 No E D Qualitative no data Ca 57
H |Ns 30 No' R c Pol 6611
H [Ny | 10-130 | No',Na,NI, | EQ | C Da 671
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+
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+
H H 0.6-30 HI QT F 2p state only St 65
+
H H 10-200 | HI F c H(2s) only Ry 66
+
H H 3-23% HI QF c Ba 68
K |u 1-30 | HI aT | a Yo 68
?
| .+ .
H Ho 2 HT E M D Di 56
+
H Ho 10 HT QF B 2s state only Ma 59
+
H Ho |0.5-3.0. | HI QM A Du 62
H|Hp 40 HI aF | A Ba 62
o |H, 7-L0 | HI F ¢ | 2s state only Co 62,Cr63
KW |H, $.15-0.6 |HI F D | Upper limit to cross section |Al 63
only
g Ho 5-140 | HI ETF A Considerable error on Doppler | Hu 63
shifted lines (see Ph 6h§
g |u, | 25-100 |z F D | ¥ = 9 to 18 states only Ri 63
SR | 15 HT QaF | B | 2s state only Se 64
6" 5, | 10-180 |mHI QF | A | Highly excited states only I1 6511
it |H, | 60-180 | HI QF | A | n =10 state 11 651
K e 5-115 | HI aF | A | 3s state Hu 66
o |Hs 38 HI D | Qualitative, no data Pol 66i
i |m, | Lo-200 |HI P ¢ | H(2s) ony Ry 66
i° He | 10-35 |HI oTF A And 67iii
it H. | 30-110 |HI ET | A Ca 67ii
+
H > 10-130 [HI,Ho EM C Da 674
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H [H, (150-1000| HI ET | A Ed 67
+
H |H, 5-120 | HI F A Hu 67
+
H Ho 10-180 | HI F A Highly excited states only Il 67
+
H Ho 1-25 HI EM A Zy 67
+
H |Hp |150-1000| H,,HI ET | A Ed 68
i+
H Ho 12-130 | HI,H, EM o Da 68
Ht Do 1-25 HI ,DI EM A Zy 67
+
H He 2 HI E D Di 56
1 |He 2-20 | HeT E D Ha 56
+
H  |He 200 | HeI,II,HI |EQ | A Hu 611
' |#e | 40-200 | Hel E D St 61
+
H He 7-40 HI Q C Co 62,Cr63
+
H He 5-30 HI E A See corrections Bo 65ii Bo 64
" lge | 20-130 | Her,IT Eq | A Dod 64
5 }He 5-100 | HeI,IT,HT | E QP A Ec 6L
i |He | 60-180 | mI Q A | n=10 state only T1 651
i |He | 10-180 | HI Q A | Highly excited states only I1 65iii
5 |He 1-25 HT Q A 2p state only Ja 65i
H" |He |150-1000 | HeI ,HelT EQ | ¢ Th 65
H" lge | 10-40 | =T Q A | 2s anda 2p states An 66
5 |ge | 40-200 |mT F c | H(2s) only Ry 66
+
H He 3-71 H Q C 2s and 2p states Do 66
gt lHe 5-115 | HI Q A | 3s state only Hu 66
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H He | 150-1000| HeI Q A Th 66
+
H He 10-40 HI Q A Influence of fields And 671
+
H He 10-30 HI Q A And 67ii
+
H He 5-40 HI Q A Ank 67ii
+
t H He 3-16 Hel QP c Be 67
|+
H He 1-150 | HeI QP A Bo 67
+
q He 20-500 | HeI Q A De 67i
H™ |He | 20-120 | HeII,HI E A De 67ii
E |He |0.6-12 | m Pm | A Ga 67
1 |He 5-120 | HI F A Hu 67
B |He | 30-120 | HelT E A Mo 67
E' |Ee | 60-400 | Her Q A Ro 67
B |He | 10-820 | Her P A Sc 67
+ ..
H He | 150-1000| HeIl,HeII E Q A Th 67ii
g |ge |0.6-12 | m Pm | A | 2p state only Ga 68
+
'™ 'He |[110-1100 HeT P A Sc 68
‘BT |He |[150-1000| Hel Q A Th 6811
v |1 | 10-180 | =T q ¢ | Little data T1 65i1
H+ Li 10-180 HI Q A Highly excited states only I1 65iii
v |11 | 10-180 | =T F A | Highly excited states I1 67
i fon, 38 HI ,CH D | qualitative, no data Pol 66i.
H0 e, | 30-100 | HI,cH ET | a Ca 671




[=]
o]
S
b 8 o
I T o8| & 3 g
s |8 | Boe 559 58 a g &
o 2] b B0 0 i 42 (0]
5| B g9y | 852 g : ;
Lo 2] [c3fl e Y4 E:f:im [ &) [ &] 2=
1 |2 3 4 5 | 6 7 8
+
5 lom, | 30-500 | #1,0H ET | A Ca 67ii
+
H NH, 38 HI D Qualitative, no data Pol 66i
+
H H.0 38 0II,HI D Qualitative, no data Pol 66i
+
H Ne 5-35 NeI,II,HI E A He 63i,ii,
Ee 63i
g |we 1-25 HI Q A 2p state only Pr 63i,Pr
6311
g |we 5-30 | HI E A | Balmer series n=2 to 5 Bo 6k
(see corrections Bo 65ii)
g5 |we 50 HI Q C | Highly excited states T1 651
H+ Ne 10-180 HI Q A Highly excited states only I1 65iii
o |we 1-25 | HI Q A | 2s state only Ja 651
Y |Ne | 10-b0 | HD Q A | 2s and 2p states An 66
+
[H Ne 5-115 | HI Q A 3s state only Hu 66
l |
BT We | 10-ko [HI Q A | Influence of fields And 67i
gt we | 10-30 = Q A And 67ii
BT Ive 540 | HI Q A Ank 67ii
B [ve | 25-600 |[NeI,NeIT E A Du 67
v lwe |o0.6-12 HI Pm A Ga 67
+
H Ne 5-120 |HI F A Hu 67
g e | 10-180 |m F | A | Highly excited states 11 67
E" e [0.6-15 |mI Pm | A | 2p state only Ga 68
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+
H Na 10-180 | HI Q C Little data I1 65ii
+
H Na 10-180 | HT Q A Highly excited states only I1 65iii
+
H Na 10-180 | HI F A Highly excited states only I1 67
+
V H Mg 10-180 | HT Q A Highly excited states only I1 65
|+
H Mg 10-18 HI Q C High n states Op 67
H |coH 20-100 | HI,cH ET | A ca 671
+
H  |cgi| 30-500 | HI,cH ET | A Ca 67ii
1 |co 38 co™,co,cII, D | qualitative, no data Pol 661
OIT,HI
+ +
H |co | 20-600 | mr,co”,crT,|E A Pou 66
OI,CT
g C,H,| 30-100 | HI,cH ET | D Ca 671
i
Iyt C,H,| 30-500 | HI,CI ET [ A Ca 67ii
|+ +
H N, 230 N, ,Np E D No useful data Me 52
B [v. | ko-230 [w.t,NTI,IT |E D | Little data, qualitative Fa 53
A 100 | N5 0 D | No data, qualitative Br 5k
1o |ws, 20,209 " o ¢ | No data, qualitative Fa 56
+ +
H N, 2.4 N, ,HI ER D No data, qualitative Ca 57
+ +
H N, 1-5 N, ,HI,NI E B ca 58
5 v, | 10-30 | wn.t ER | D Ro 58
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H |, [500-1500 | w,,w" E D | No data, qualitative Ni 59
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+
H (N, 200 | N ,NII,HI |E A | HI probably in error My 61iii
vET v, {500-1500 [ w," ER | D Re 61
|yt No 3-30 | wo',H E A Sh 61
ot |n. 40 HI Q A Ba 62
i (N, [0.5-5 HI B A Du 62
1 |w, 5-140 | N, ,NII,HI |E Q@ | A | HI probably in error Ph 6l
o |n, | 60-180 |uI ) A | n =10 state only T1 653
v, | 10-65 |w.t,m EQERl 4 Sh 65
g |w, | 30-600 [n.T,mT,N1I,|E QR A Du 66
HI
S 5-115 | HT Q A | 3s state Hu 66
1w, 38 HI,N, ,N, |E D | qualitative - no data Pol 66i
NII
i
" 0 lw' R C Pol 66ii
+ +
tH N, 20-100 | N, ,NI E A Ba 67
1N, | 15-18 | NI,NTI,N, |= D Br 67
i v, | 10-130 |N,,N.NI, |EQ | C Da 67i
NII
+ + ..
H No 10-130 | N, ,N5,NI, |E Q C Da 671ii
. NII,H
H No 5-120 | HI F A Hu 67
1N 5-30 | w," R c Pol 67
i o | 60-400 N, ,NII £q | A Ro 67
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H N5 7-21 N, ,HI E B cglnmdence between N, and Sh 67
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H No |150-1000 | N5 ,NII EQT| A Th 67
+
H No 1-25 HI E B Zy 67
+
H No | 10-35 HI Q A Hu 68ii
+ +
H No |150-1000 [Nz ,No,NII |E Q T| A Th 68i
+
H NO | 60-400 |NII,OII E A Ro 67
+
H C_Hg 30-100 |HI,CH ET D Ca 671
+
H C Hg 30-500 |HI,CH ET A Ca 67ii
+ + . .
H 0o 20,205 | 0o E D No data, qualitative Fa 53
+
H 0z 1500-1500 | OI,OIT E D No data, qualitative Ni 59
+
A O 40 0s E D He 61
g | o, 40 HT Q A | 25 state of fast particle Ba 62
+ +
H 0o 5-130 |05 , OII EQ A Hu 64
+ +
H {0 | 20-100 |0II,0I,02 , |E Q P| A La 65
HI
+ +
H 0s | 30-600 |05 ,0II,HI |E Q A Du 66
+
H 0o 5-115 |HI Q A 3s state only Hu 66
+ +
H o™ 38 0IT,05 ,HI D Qualitative, no data Pol 661
i |os | 20-100 |o0s",01 E A Ba 67
+
H o 5-120 |HI F A Hu 67
+
H |Ar | 10-35 ArII E A He 63iii
+
H Ar 1-25 HI Q A 2p state only Pr 63i,
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H |ar 50 HI Q ¢ | High n states only I1 651
+
H Ar | 10-180 |HI Q A Highly excited states only I1 65iii
+
H Ar 1-25 HI Q A 2s state only Ja 65i
+
H Ar | 10-k0 HI Q A 2s and 2p states only An 66
+
H |Ar-| 5-115 |=I Q A | 3s state only Hu 66
4+
H Ar | 10-40 HI QP A Influence of fields And 671
+
H Ar | 10-30 HT Q A And 67ii
H |aAr | s5-ko |HD Q A Ank 67ii
' | ar | 25-600 |ArI,ArII E A Du 67
| ar |0.6-12  |uI Pm | A Ga 67
H |ar | 5-120 |mI F A Hu 67
+
H Ar | 10-180 |HI F A Highly excited states I1 67
| ar | 2-10 |arIz E A Ja 67
gt | ar |0.6-12 HI Pm A 2p state only Ga 68
| H | K | 10-180 |HI Q ¢ | Little qata 11 6511
i
| & | x | 10-180 |HI Q A | Highly excited states only I1 65114
g | x | 10-180 |HI F A | Highly excited states I1 67
+
H | K 9-30 | HI Q C Se 67
H | ca | 10-180 |HI Q c High n states Op 67
ut | cosl ko HT Q A | 2s state only Ba 62
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H COp | 60-180 | HI Q A n = 10 state only I1 651
+
H |cos 38 o, ,C0O,CII | D | Qualitative, no data Pol 661
OII,CO",HI
+ +
H CO5 | 30-600 | cos ,0I,CI,|E Q A Po 67
HI
|+
H CHg 4o HI QF A 2s state only Ba 62
g |zn | 10-180 |=HI Q ¢ | High n states op 67
vt lkr | 10-35 | KeII B A He 63iii
g ke 1-25 | =T Q A | 2p state only Pr 63i
+
H Kr 10-40 HI Q A 2s and 2p states only An 66
i |kr | 10-k0 | HI Q A | Influence of fields And 671
+
H Rb 4-30 HI Q C Se 67
|
+
H C7H8 Lo HI QF A 2s state only Ba 62
gt lea | 10-180 | Q ¢ | High n states op 67
15 [xe 1-25 | HI Q A | 2p state only Pr 63i
g Xe 1-25 | mI Q A | 2s state only Ja 651
i |xe | 10-k0  |HI Q A | 2s and 2p states only An 66
i le | 10-k0 |m Q A | Influence of fields And 671




Gy ]
O [0}
je T oS 3 &
s | o | Bo 580 Eé" g e
= 1] ~ kD 0 oo~ ) [}
S |5 | 855 | 858 d : G
e B Sl £ A8 3 o iz
1 |2 3 L 5 | 6 7 8
+
H Xe 25-600 | XeI,XeIl E A Du 67
gt |xe 1-10 | XeIT E A Ja 67
+
H Cs |0.2-4 HI Q B 2s state only Don 64
'H lcs | 10-180 | = Q ¢ | rittie dats I1 65ii
H+ Cs 10-180 HT Q A Highly excited states only I1 65iii
g les | 10-180 | I F A | Highly excited states I1 67
vt |es |2.5-25 | mx Q c Se 67
i |He 5-30 | HI,HgT B A Bo 651
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Hy |Hs 2 HI EM D Di 56
+
Hy |Hz 130,200 | HI EF B Probably in error Hu 61iii
+
Hy [Hs [0.5-3 HI QM A Du 62
+
Hs |Hs 5-130 | HI ETFB Doppler shifted lines in error] Ha 63
See (Ph 64)
+
‘Hs  [Hs 20mev | HI QF D n > 5 states Be 6L
+
Hy |Hs, | 10-35 HI QT FlA And 67iii
+
Hey |Hs 1-25 HI EM | & Zy 67
+
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+
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+
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+
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+
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Bo 651i1)
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Hy' |He 1-150 | Her aP | a Bo 67
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Ho |Ne 5-30 HI E A Balmer series (see correctiong Bo 64
Bo 65ii)
+
Hy [Ne 0-25 HI Q A 2p state only 7y 64
H, |WNe 1-25 HI Q A 2s state only Ja 65ii
+
H, |Ne 15-120 | HI Q A Hu 68i
|
|
+ +
Hy |[CO 50-120 | co ,cI E A Pou 67
+ +
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Section 2

Differential Scattering Associated with the Formation

of an Excited State

This section 1lists the data which have been published on the excitation
of one of the colliding structures coincident with the scattering of the
projectile through a definite angle. In principle the excited state may
lie in either the target or the projectile system. Only two series of
experimental investigations are available at the present time. An optical
technique has been used for measurements of charge transfer as a proton
traverses a target and picks up an electron into the metastable state. The
metastable state is quenched by the application of an electric field, and the
emitted Lyman alpha photon is detected. The second technique detects pro-
jectiles which have been scattered through an angle with a specific energy
loss corresponding to that energy required to excite the level of interest.

The key to the tabular presentation is as follows.

Column 1 gives the incident fast particles, arranged in order of
increasing molecular weight.

Column 2 gives the target particle in order of increasing molecular
weight.

Column 3 gives the energy range in KeV.

Column 4 gives the scattered particle whose angular distribution is
measured. (Present data always considers the scattering of the fast
particle).

Column 5 gives the excited state whose formation is determined. This

may be either the incident or target particle, spectroscopic notation is used.




Column 6 gives an assessment of the usefulness of the measurements.
A series of results is classified as poor on the grounds of error, poorly
determined beam composition or energy, or low accuracy.
A.....Denotes good quality absolute measurements.
B.....Denotes poor quality absolute measurements.
C.....Denotes good quality relative measurements.
D..... Denotes poor quality relative measurements.
In cases where the classification D has been assigned the data con-
sists only of an inelastic energy loss spectrum without positive identifi-
cation of specific excited states.

Column 7 comments.

Column 8 references to published work.

57




=1
(e}
o
© @
+ 8 QO Q v(.—)l 1] 8
= . & g G +© o
(0] + Eﬁ [ IN9] 0 o o o (0]
ke ()] [0] 2 A o w o &
o 4] - £ - 4+ © 3
S |E |25 | B 08| 3 ; g
(o] =] [¢5 [ =gvol (WY rﬁ Ay [ &] 8 g
1 2 3 n 5 6 T 8
+ .
H He | 6.5-60 H HI C 2s state Do 66
+
D He L-20 D DI C 2s state Do 66
+
D |Hz | 4.5-35 | D DI C 2s state Do 66
+ +
{ He |He 0.6 He HeI B Lo 66
E (Incident{ (Target)
!
|
l : + -
l He |[Ne {0.4,0.6 He HeII,Nel D Qualitative Ab 66
+ ' + . .
He |Ar 0.4 He ArI D Qualitative Ab 66
+ + .
Ar  |Ar [0.4,0.6 Ar ArII,ArI D Qualitative Ab 66

38




References for Section 2

Ab 66 W. Aberth and D. C. Lorents. Phys. Rev. 1hk, 109, 1966
Do 66 V. Dose, V. Meyer. Physics Letters 23, 69, 1966
Lo 66 D. C. Lorents, et al. Phys. Rev. Lets. 17, 849, 1966

39




Section 3

Collisional Quenching of Excited States

Under Single Collision Conditions

This section lists experiments which measure cross sections for
destruction of specific excited states of atoms by collision with atomic
and molecular structures under single collision conditions. Experiments
where the energy of impact of one particle on the other is less than
10 eV have been excluded.

Collisional processes which lead to the removal of excited states
include excitation to a higher level, ionization (i.e. excitation to an
unbound state), and collisional de-excitation. Most experimental work
has been concerned with the measurement of an aggregate cross section for
all processes leading to the destruction of a particular excited state in
a beam of excited particles. Often no data are available on the state of
the atom after de-excitation or on the process involved.

The very limited amount of experimental work is listed in a form
most suitable to the type of data being obtained at present.

Column 1 gives incident fast particle and its state of excitation
(spéctroscopic notation). The listing is in order of increasing atomic
weight, increasing state of ionization, and increasing level of excitation.

Colum 2 gives target particle listed in order of increasing atomic
weight.

Column 3 gives energy of impact in KeV.

Column 4 gives final state of fast particle after quenching collision.

Often this information is not available.
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Column 5 gives an assessment of the usefulness of the measurements.
A gseries of results is classified as poor on the grounds of error, poorly
determined beam composition or energy, or low accuracy.
A.....Denotes good quality absolute measurements.
B.....Denotes poor quality absolute measurements.
C.....Denoctes good quality relative measurements.
D..... Denotes poor quality relative measurements.
Column 6 comments.

Column 7 reference to published work.
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Section 4

The Formation of Excited States in a

Beam of Particles Traversing a Gas

Cell or Plasma Under Multiple Collision Conditions

This section lists experiments which give information on the production
of excited states in a beam of particles traversing a gas cell. ©Such experi-
ments involve multiple collision conditions and information on cross sections
for specific populating and de-populating processes and can only be cbtained
indirectly. Where such information has been obtained, it is listed as
appropriate under Section 1 or 2. This section includes cases where a "plasma'
has been used as the target cell.

In most of these experiments, the gas cell pressure is high enough to
ensure equilibrium between the various charge state components of the fast
beam but not between the excited states.

Column 1 gives incident fast particle listed in order of increasing
melecular weight.

Column 2 gives target particle listed in order of increasing molecular
weight.

Column 3 gives energy of impact in KeV.

Column 4 gives the emerging fast particle and the state of excitation
investigated (spectroscopic notation).

Column 5 gives information on data obtained.

Qe....data giving a quantitative measurement of excited state

population in terms of "thickness" of the gas cell.

L




BE..... data shows that equilibrium was established between the

excited state population and de-population processes.

Column 6 gives an assessment of the usefulness of the measurements.

A series of results is classified as poor on the grounds of error, poorly

determined beam composition or energy, or low

A.....Denctes good quality absolute
B..... Denotes poor quality absolute
C.....Denotes good quality relative
D...ts Denotes poor quality relative

accuracy .

measurements.

measurements.

measurements.

measurements.

At the present time, data for these processes are generally expressed

as the ratio of the number of excited particles produced in the target to

the number of particles incident on the target or emerging from the target.

Consequently, all data are in the form of a relative probability for pro-

ducing the excited state and have therefore been classified under C or D.

Column 7 comments.

Column 8 references.
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Progress has been satisfactory on the studies of the Sn(IV) system. Mr.
Vernon Porter began work on this system in September 1959, and a detailed report
of his work will be complete within a few months. The general nature of his re-
sults is indicated below.

The following compounds of Sn (IV) were prepared, isolated, and characterized
by analysis for tin and bromine; SnBr,, K;SnBrg, (NH4), SnBrg, and (n"C4HgNH4) 2
SnBrg H0.

The spectra of solutions of SnBr, in a variety of solvents uwere measured.
The spectra were the same in the inert solvents n heptane, cyclohexane, and
2,2,4-trimethylpentane. All the evidence indicates that stannic bromide exists
as unsolvated SnBr, molecules in these solvents. The spectrum in such solvents
is characterized by a maximum at 240 my and a shoulder at 272 mp. Concentrated
sulfuric acid behaves as an inert solvent for SnBr, and gives the same spectrum.

The spectra in the polar solvents ethyl ether, chloroform, and acetonitrile
have a single peak at about 250 mpu . This is characteristic of species of the

type SnBr, (solvent),, and it is presumed that SnBr4(H20)2 has a spectrum of the
same type.

When SnBr, is dissolved in aqueous hydrobromic acid the spectrum is
markedly dependent upon the concentration of HBr. The highest concentration of
HBr achieved ( 9M) without the complication of air oxidation to form Br3, gives
a spectrum which shows maxima at 280 myp and 305 mpu. Both of these peaks d?s-
appeared as the HBr concentration was {;wered; jn 6MHCl a single broad maximum
appeared at 270 mp. Further decrease in HBEr concentration shifted this maximum
regularly to shorter wave lengths.

Attempts to obtain the spectrum of SnBrg in non-aqueous solvents met
with limited success. Addition of any of the yellow hexabromostannate salts
to ethyl ether left an insolutle white solid and a solution whose spectrum was
that characteristic of SnBr4(Et20)2. The reaction occurring is

MpSnBrg + 2Et,0 —> 2MBr + SnBr,(Et,0),

In acetonitrile the salts gave a complex spectrum, indicating some reaction.
Addition of bromide ions to the acetonitrile solution caused development of the
double peak observed in concentrated hydrobromic acid.

The spectra of the salts in various HBr-LiBr aqueous solutions were
measured, and the changes in the spectra with varying hydrogen ion and bromide ion
concentrations were noted. The spectra were interpreted to mean that the
hexabromstannate ion (with maxima at 280 mp and 305 mp) is the predominant
species when the bromide concentration is above 8M, and the hydrogen ion
concentration is above 1M. As the total bromide concentration drops to ™,
but the hydrogen ion concentration remains above 1M, SnBrg (H20) "~ appears.
Although the spectrum of this species is not completely resolved, it appears
to have a maximum near 270 mj. An anologous pentabromo species is formed
when hexabromostannate salts are dissolved in acetonitrile which contains no
additional bromide.




In 6M HBr hydrolysis of the hexabromstannate has proceededas far as a
tetrabromo species, but whether this is SnBrﬁ(Hzo)z, SnBra(OH)(HZO)', or
SnBr, (OH),~ is unknown.

An investigation was begun of the species extracted into isopropyl ether
from Sn (IV)-HBr solutions both by spectrophotometric measurements and by
chemical analysis of the ether phase. Species with an average Br/Sm ratio of
five were indicated by the analyses. The spectral results were not definite
except to demonstrate that little of the Smn (IV) extracted can be in the form
of SnBrg .

The solid state spectrum of SnBr ~ was also measured by use of the KBr
pressed disk technique. The typical double peaks were again observed, al-
though they were now displaced to 290 uyband 335 "VL'




Progress on the Mo (VI) system has been slower. Mr. Joe Allen began
work on this system in June 1960.

The previous spectral measurements of Mo (VI) in aqueous HBr solutions
were extended by varying the Mo (VI) concentration. At least three species
are indicated by the change in absorption as the HBr concentration is varied
from IM to 8M. The absorption in the 400-500 q},region does not adhere to
Beer's Law; the most likely explanation is that one or more of the species
are polynuclear.

A preliminary examination of the extracts from 8.7MHBr into various
solvents were made. Ether, chloroform, and carbon. tetrachloride gave poor
extraction. Extraction into ethyl acetate and n-propyl acetate was ap-
preciable, giving primarily that species absorbing in the 400-500 ﬂp region.

Most effort has been devoted to attempts to prepare well defined
compounds, to characterize them, and to determine their spectra in various
solvents.

The first preparation tried was to dissolve Mo04 in constant boiling
HBr, followed by evaporation to dryness. Three different compounds, as
judged by color and Hifferent crystal form, could be sublimed from the
solid. The compounds were incompletely separated by the sublimation procedure
used, but small samples, somewhat impure, of each were obtained. Qualita-
tive tests indicated that two of these contained some Mo(V), but the third
did not. Measurement of the absorption spectra of these samples dissolved
in ethyl acetate, showed that the two compounds containing some Mo(V) gave
an absorption in the 400-500 mp region like that observed in the more con-
centrated aqueous HBr solutions. The compound showing no Mo(V) gave an
absorption band in the 280-300 qp'region, which is the same as the absorp-
tion of Mo(VI) in 4M HBr. ,

The same series of colored compounds was obtained by adding Mo0O, to
constant boiling hydrobromic acid and evaporating to dryness, followed by
sublimation.

Dry gaseous HBr was passed over heated Mo0O3, and an attempt was
made to separate the volatile compounds formed. Again the separation was
insufficient to yield pure products for analysis.

Heatiﬁg of a solid mixture of Mo03, B,053, and NaBr to temperatures
above 600°C gives a single product, orange in color. It is presently being
investigated.

Successful analytical procedures for molybdenum and bromine in these
compounds have been arrived at, by adaption of methods in the literature.
Potentiometric titration for bromide using 0.1M AgNO, in 1M HNO, proved
successful, using calomel and silver electrodes. g ‘acid is necessary to
prevent interference due to the precipitation of Ag MoO,, . The molybdenum
analysis is performed by first removing bromide by %uming down with H,S0,,

then diluting with water, reducing the Mo(VI) to Mo(IV) in a Jones reauctor,
and then titrating the Mo(1IV).




Expenditure Statement

Cost of the project to date, along with the corresponding per cent of

the original budget estimates are given below.

The costs have been broken dowrt into

two periods, that of the original contract (Dec. 1958-Nov. 1959), and that of the

extended contract to date.

Original Extended Per Cent of
Contract Contract original budget
1. Salaries and Wages $2337.00 $335.00 93
. Materials, Supplies and Services
Chemicals and Glassware 543.75 435.85
Spectrophotometric Accessories 294.15 136.00
Spectrophotometric Maintenance 125.00
$962.90 $571.85 85
+ Trawel 0.00 0.00 0
. Indirect Costs 1330.00 1900.00 93
$4629.90 $5806.85
. E. C. Contribution 2384.90 2938.85
51.5% 50.67%

During the remaining time of the present contract the following costs are

stimated:
. Salaries and Wages $647.00
. Materials, Supplies and Services 130.00
. Travel 100.00
Indirect Costs 369.00
$1266.00

Of this total, $810.25 would come from A. E. C. contributions.

cident Report

There are no incidents to report.
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I. Title

Formation of Excited Hydrogen Atoms by Charge Transfer and Dissociation

IT. Introduction

This report summarizes work performed on excitation phenocmena under
contract AT-(40-1)-2591 for the U. S. Atomic Energy Commission. The present
report covers the period 1 December 1969 to 30 November 1970 which corresponds
to the first 9 months of the 12 month period covered by modification No. 12
to this contract, plus the final three months of the preceeding contract
period.

The original proposal for this work which was the subject of Modifi-
cation 12 was submitted with the title "Ionization, Charge Transfer, and
Emission Cross Sections in the Energy Range 0.15 to 1.0 MeV"'. This title
did not correctly reflect the current activities carried out under the contract;
it was changed to the title shown in Section I above as a result of an
addendum proposal dated August 10, 1970.

During the course of the contract year a request was made to broaden
the scope of the program by adding a project to study differential excitation
cross sections at low impact energies. This request was made in an addendum
proposal dated August 13, 1970 and was approved on August 27, 1970. No
additional funds were requested for the work proposed in the addendum. Pro-

gress on that project is also discussed in the present report.

ITT. Abstract
Studies are being carried out on processes by which fast excited
.|.
hydrogen atoms are formed by charge transfer neutralization of H

+ * +
H +X-H +X (1)

+
and also by dissociation of Hp




Ho +X -H + [H +X] (2)

Measurements have been made of total cross sections for formation of the 3s,
3p and 3d states by charge transfer; the results indicate that the available
theoretical predictions of charge transfer cross sections are in serious
error. An investigation has also been carried out of the formation of
metastable hydrogen atoms by these processes; these measurements were made
as a function of projectile scattering angle. The angular distribution
studies show that the probability of an atom being formed in an excited
state is a very sensitive function of scattering angle; the data suggests
that high content of excited states may be produced by a suitable selection

of collision combination, energy and scattering angle. The projectile

energies in these experiments ranges froem 5 to 1000 keV; the total cross
section data are principally for energies above 75 keV and the angular
scattering measurements are confined to energies below 30 keV. The targets
of prineipal interest 1s helium since theoretical predictions may be
readily formulated for this case. The program also includes a considerable
amount of work with Hs, No and Ar plus limited studies with light hydro-
carbons, CO, COz, Ds and Op.

The program includes work to establish the absolute magnitudes of
cross sections, and the present status of this aspect will be discussed.
Also some work is in hand to study how electric fields influence both the

primary excitation process and also the subsequent radiative decay.

Iv. Objective

The overall objective of this program is to come to an understanding
of the mechanisms by which excited hydrogen atoms are formed in processes
of charge transfer and dissociation [Egs. (1) and (2)7]. From this it is

hoped to achieve a general understanding of the charge transfer and




dissociation mechanisms. The work has a strong bias towards fundamental
understanding and consequently much of the study has been directed towards
collisions on simple targets where theoretical understanding should be
possible. For this same reason the work concentrates on low lying excited
states. We have frequently noted in our proposals that high prinecipal
guantum number states cannot be individually resolved and morecver are in-
fluenced by spurious fields; therefore high states are not a suitable
vehicle for fundamental studies. The fundamental understanding of the basic
processes may be readily extrapolated to the prediction of cross sections
for higher excited states and complex targets. This report includes a brief
study of how one may predict cross sections for complicated molecules by
use of some simple scaling laws.

The program may be conveniently considered in two parts; at high impact
energies (75 to 1000 keV) a study is made of total cross sections for
formation of the 3s, 3p and 3d states of hydrogen; at low energies (5 to 30
keV) the work involves study of the angular distribution of excited atoms
formed by charge transfer and dissociation. In the high energy work the
objective is to test detailed theoretical predictions of cross sections. In
particular we are concerned whether calculations by the simple Born approx-
imation are valid for the charge transfer problem. Our evidence is that
the Born approximation predictions are grossly inaccurate (at least for
excited states) and that "coupled state" calculations are mandatory. The
low energy work is a more exploratory study with little theoretical infor-
mation available to provide guidance as to the expected behaviour. This
program is particularly concerned with the remarkably high probabilities for
excited state formation exhibited by some large angle scattering events.

We will not repeat here the various justifications for this program

in terms of the AEC's effort in thermonuclear research; those considerations




are discussed in our proposals. It will suffice to note that the areas of
neutral beam injection into plasmas, plasma diagnostics, and particle loss
mechanisms all involve charge transfer and dissociation mechanisms. We

suggest that the understanding of these mechanisms is important to the AEC's

overall thermonuclear research program.

V. Organization of the report

The report is divided into three basic parts. First there is a
discussion of the total cross section measurements at high impact energies
carried out with observations in the target region (Section VI). Second we
consider the high energy total cross section measurements made by observing
emissions in an evacuated flight tube. (Section VII). Third is the repart
on differential cross section measurements. (Section VIII).

The study of total cross sectims at high energies by observation of
emission from the target is reported only briefly here since other published
reparts are available. This first attempt at total cross section measure-
ment has been terminated and superseded by the more satisfactory technique
of observing emission from an evacuated flight tube; this latter technigue
is discussed in detail. The differential cross section studies were initiated

this year and are reported here for the first time.

VI. High energy total cross sections - emission from the target region

These experiments were on charge transfer formation of the 3s, 3p and
3d states. Observations were made of light emitted by fast projectiles
(75 to 600 keV) traversing the target. This work was the first stage of the
high energy program and was superseded by the work described in Section VII
of this report. The results include cross sections for collisiocnal

destruction; targets were helium and nitrogen. The work has been fully




) 2),

reported in a Technical Report1 and a paper ‘3 no further details will be

given here.

VII. High Energy total cross sections - emission in the evaucated flight

region

(1) Introduction

In this section we are concerned with the investigation of the for-
mation of neutral atoms of hydrogen in the 3s, 3p, and 3d states of exci-
tation. Specifically, two distinct processes have been studied: 1. The
formation of exeited hydrogen atoms by charge transfer resulting from the
impact of high energy protons with variocus atoms and molecules. 2. The
dissociation of H2+ projectiles by collisions with similar targets. Thus
far, measurements have been made of the electron capture cross section into
the 3s, 3p and 3d states for protons in the energy range 75 to 350 keV on
targets of nitrogen, argon, hydrogen and.helium.

Brief comparisons have also been made of capture into the 3s state
for H+ impact on methane, ethane, propane, carbon dioxide, carbon manoxide,
oxygen, nitric oxide and deuterium; the objective was to investigate the
prediction of molecular cross sections in terms of constituent atomic cross
sections. Some studies have been carried out on the production of 3s, 3p

+
and 3d states by dissociation of H2 .

(2) Experimental Technique

+ +
These processes can be readily studied by allowing H or H

5 projectiles

to pass through a gaseous target. Excited hydrogen atoms thus produced by

1) J. L. Edwards and E. W. Thomas, "The Formation and Destruction of Excited
Hydrogen Atoms at High Impact Velocities". Technical Report

2) J. L. Edwards and E. W. Thomas, "The Formation and Destruction of Excited
Hydrogen Atoms at High Impact Velocities". Physical Review
(To be published, December 1970).




collisions with target particles remain in a well defined beam by virtue of
only slight angular scattering. These hydrogen atoms continue down the beam
line with approximately the same velocity as the incident projectiles and
under single collision conditions, eventually undergoing spontaneous decay
with the emission of Balmer alpha photons. Hence, one can observe the inten-
sity of radiation as a function of the distance down the beam. Since each
state of excitation has a distinctly different lifetime the total intensity
function will be the sum of three distinct and separable intensity functions.
If each intensity function can be determined, the appropriate cross section
can be calculated.

There are two simple experimental configurations which can be employed
t0 make such measurements of the intensity functions. One may oObserve the
radiation from the excited hydrogen atoms as a function of the distance
through the target region or, as in the present configuration, one may observe
the radiating atoms beyond the target region. In this case, the gaseous
target is confined in a differentially pumped gas cell of known length; the
observations are made beyond the cell in a highly evacuated chamber. The
radiation intensity one observes as a function of distance down the beam is
quite different in the two configurations.

In the case of observations in the target region one observes an
intensity which is the sum of three intensities characteristic of the appro-
priate angular momentum state. Each intensity approaches some asymptotic
value depending upon the cross section, target density and projectile flux.
The rate of increase of the intensity depnds upon the product of the atom

velocity and lifetime of the state (the decay length). Ideally, the intensity,

I(x), has the mathematical form:




I(x) = Fpdos Qz 1-e

3p (3)

+ FpAﬂ15 QBP 1-e

V'T3d
* FobMgqQzq [1 - e ]
Here F is the incident projectile flux and p the target density. Af is the

b

length of beam observed at point x. (This simple dependence upon Af is valid

for Ag small compared to vrT.) QBS, sz and a3d are the branching ratios for
the decay of the corresponding states. 058 and Oéd are unity since these
states decay exclusively to the 2p level. sz, however, has a value of 0.118
since 88.2 percent of the 3p state decays directly to the 1ls state emitting
unobservable ultraviolet radiation. QBS’ QSp and QSd are the cross sections

for the formation of the corresponding state. T,. and T, . represent the

38> T3p 3d
lifetimes for the s, p and d states. v is atom velocity and x is the pene-
tration distance into the target region.

In the gas cell configuration one éimply observes three separate ex-
ponentially decaying intensities. Again, the rate of change of the intensity
is dependant upon decay length. In this case, however, the maximum value of
the intensity (occuring at the termination of the target cell) is dependant

not only upon the various cross sections but also the decay lengths and

extent of the target cell.

-L
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— 38 38
I(x) = Fodo Qs 1-e . Te
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+FoMog Ay [1-e 20 e 0

This feature introduces an additional source of error since one must know the
length of the cell and distance from the termination of the cell to the point

of observation. This problem is complicated by the flow of target gas out of




the cell. This not only changes the "effective" length of the cell but also
obscures its termination.

Observation in the target region was adopted for our early studies of
the charge transfer mechanism and has been reported in Section VI. The
technique exhibits some difficulties, notable among which is the collisional
destruction of excited atoms before emission takes place. Our proposed
program had anticipated that the observations in a flight tube beyond a gas
cell would be a more satisfactory technique; this prediction has been con-
firmed and the observations in the target cell have been discontinued.

The work reported in this section has been carried out using observa-

tions in an evacuated region following & gas cell. This technique has

proved very satisfactory. Apart from the facility for making cross section.
measurements it provides an excellent medium for the study of how electric
fields influence the decay process.

(3) Apparatus

Positive ions are provided by a vertically mounted Van de Graaff

accelerator. The ion beam is rotated into the horizontal plane by the analyzer

magnet. From the magnet, the beem passes through two beam sensing slits
used in the accelerator's energy stabilization system. Beyond this point
the beam passes through an electromechanical beam shutter into a highly
evacuated collimation chamber. The collimators consist of two orifi mounted
on three precision alignment rods. The position of the collimators and
diameter of the orifi are so adjusted that no projectiles traversing the
collimation system can strike either the entrance or exit orifice of the gas
cell. The gas cell is so constructed that its length can be varied. The
exit orifice is equipped with an annular electrode to test the effectiveness

of the beam collimation. From the gas cell the beam traverses a highly
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evacuated observation chamber and into a standard Faraday cup provided with
plates for the suppression of secondary electrons. The beam is viewed through
two specially constructed glass windows by a traveling photomultiplier. A
schematic diagram of the apparatus is shown in figure 1.

During operation , the gas cell is continuously pumped by a liquid
nitrogen trapped four inch diffusion pump. The speed of this pump is reduced
somewhat by its connecting manifold which is designed to reduce the possibility
of a pumping gradient in the region of the beam line. The observation
chamber is pumped by one four inch and one two inch liquid nitrogen trapped
diffusion pump. This is necessary to provide a large differential pumping
ratio between the gas cell and observation chamber. The exit orifice of
the gas cell is also designed to enhance the pumping ratio. It consists of
a channel 0.125 inch diameter by 0.250 inch in length. The pumping ratio
depends upon the molecular weight of the target gas but generally falls
between 300 and 500 to 1. A large pumping ratio is necessary to minimize
photons produced by the interaction of the beam with background gas (a
mixture of residual gas and target gas from the gas cell). The collimation
chamber is also equipped with a large four inch pump to prevent any pre-
neutralization of the beam.

Target gas can be injected through two precision needle valves into
either the target cell or observation chamber. A special gas feed manifold
has been constructed which allows a rapid change over from one target gas
to another. For this experiment only high purity (better than 99.9 percent)
gases are used. The one exception, nitric oxide, was repurified by vacuum
distillation.

Target pressure was monitored with a capacitance manometer; a device
that is insensitive to the nature of the target gas. Beam current was

monitored on an electrometer in a conventional fashion. A photomultiplier
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was utilized to record light intensity. The outputs from these three instru-
ments were digitized and recorded on punched tape; included in the records
were periodic measurements of the effective zeros, and sensitivities of the
various electronic devices. The records were made as a function of distance
x from the gas cell exit. The raw data was analyzed and fitted to equation 4
using a computer program.

(4) validity of data

Questions arising as to the validity of the measured cross sectims
can be separated into two categories. First, we must consider the accuracy
with which one can determine the experimental parameters needed to evaluate
the cross section and secondly, we must decide how closely our models from
which we infer the cross section représent reality.

In the first category we are concerned with the effect of systematic
experimental errors. Considerable effort has been devoted to reducing these
errors. An important point is a correction for the increase in target
temperature which results from heating by the projectile beam as it strikes
the collimator assemblies. The sensitivities and zero drifts of all electronic
components are monitored periodically and taken into account during data
analysis. A significant correction is necessary for signal generated by
interaction of projectiles with the small amount of target gas that leaks
into the flight tube.

There are a number of second order processes that can alter the
relationship between experimental parameters expressed in equation (4). The
most predominant of these effects are non linearities due to beam neutralization
and multiple collisions, population of the n = 3 state by cascade, corrections
to the target cell length, Doppler shift due to the motion of the radiating
atoms, polarization of emission and the effect of Stark mixing of the p and

d states. Beam neutralization and multiple collision processes are reduced

1




to negligible proportions by operating the experiment at low target densities.
The problem of Doppler shift has been treated in our previous reportsl’2 and
cascade population has been shown to be negligiblel’g. Stark mixing of
levels by stray fields is believed to be small but will be subjected to
further tests.

(5) Results of Charge Transfer Measurements

First, we shall consider the experimental measurement of the ratios of
s, p and d electron capture cross sections. The following table lists these
ratios as a function of proton energy for the targets of nitrogen, argon,

hydrogen and helium.

Proton NITROGEN ARGON HYDROGEN HELIUM
Energy
P/S D/s P/S D/s P/S D/s P/S D/s

75  0.38 0.073 0.47 0.026 0.49 0.009 0.21 0.029
100  0.48 0.067 0.35 0.030 0.37 0.12 0.27 ----
125  .... cen. 0.36 0.028 0.32 0.013 ....

150 0.38 0.052 0.27 0.047 0.47 0.062 0.15 .005

200 e coee 0.11  0.063 -——— -—-- ees e

250 0.11  0.082 —-o=  —=o=  —mme —ee 0.17  0.04

300 cenn e -—— -—— —_— -— ceen e

350  0.58  0.07  =m==  ==—=  ==== -===  0.51  .005

In the spaces denoted by "...." no experiment was performed. In spaces
denoted "----" there was insufficient statistical accuracy to warrant a

meaningful separation of the states in question. Poor statistical accuracy
is generally obtained for measurements at higher energies (> 250 KeV).
Occasionally, however, problems arise even at lower energies due to low

beam currents. With some improvements in the accelerator system, this table

could be extended.




Fig. 2 shows the energy dependence for the Argon and hydrogen 3s
capture cross section. This data was normalized to a previous calibration
of photon sensitivity and does not represent a final statement of the absolute
cross section.

Data have also been obtained for targets of the He and Np; these are
substantially the same as those contained in our published reportsl’ and
are not repeated here. The work on helium shows considerable disagreement
with theoretical predictions and proves that simple Born approximation
predictions are inadequate for this type of process.

The formation of H(3s) by electron capture has been studied at 150 KeV
incident proton energy for a variety of molecular targets. The primary
objective has been to investigate the feasibility of establishing simple
roles to predict molecular cross sections in terms of the constituent
atomic cross sections. We shall summarize here only the results of four
experiments dealing with molecular targets. In each case, tests were made
to insure that the target pressure was sufficiently low to preserve the linear
dependence of the signal. Since we are interested only in comparisons
between the different targets, the cross sections are given in arbitrary

units.

Experiment 1

Target: Ho CHM 02H6 . C5H8

Cross Section: L .056 20.186 3L.816 L5.367

Experiment 2

Target: Os No NO

Cross Section: 2.823 2.418 2.595
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Experiment 3

Target: 0o CO2 co
Cross Section: 2.795 3.53%3 2.205

Experiment U4

Target: Ho Do

Cross Section:  3.934 L .22k

As might be expected, the cross section for atomic hydrogen predicted
by a simple sum rule applied to the measured cross section for Hy is smaller
than that predicted from any coébination of hydrocarbons. Interestingly
enough, however, predictions for carbon and hydrogen made solely among the
hydrocarbons are also inconsistent. It is evident that in this case more
complicated rules apply. One logical maneuver would certainly be an attempt
to formulate simple rules in terms of atomic and molecular ionization
potentials.

A simple sum rule appears applicéble in the case of nitric oxide.
Taking ﬁélf the cross section for Os and half the cross sectien for molecular
nitrogen one predicts a cross section of 2.620 for NO. This is only 1 percent
higher than the measured cross section.

0 , CO- and CO are similarly amenable to a simple interpretation.
Predicting carbon by subtracting the cross section of O from COp ylelds 0.738.
Adding this to half the cross section for molecular oxygen one predicts a
value of 2.136 for carbon monoxide. This is 3 percent below the measired
value which is within the probable accumulated error for the measurement.

For the sake of curiosity, a comparison was made between deutrium and
hydrogen. Deutrium appears to be 7 percent higher than hydrogen. This

difference is, however, within the probable error for the measurement. If

subtle differences exist, they may be observable at lower energies.




(6) Results of dissociation measurements

The study of dissociation processes is still under way and no data
will be presented here. Cross sections are quite high, signal levels are
excellent and there is no difficulty in performing these measurements. In
contrast to the charge transfer studies the dissociation produces primarily
3p excited states; the 3p state cross section is an order of magnitude
higher than the 3s and approximately five times higher than for the 3d state.
Work on this case is continuing.

(7) Influence of electric field on the decay and collisional excitation

mechanisms

Apparatus is now complete for investigating the influence of electric
fields on the radiative decay procesé. Fairly uniform weak electric fields
may be applied co-axially with the beam direction. Studies are to be made
of how the field influences mixing between the 3s, 3p and 3d states. These
studies are under way at the present time.

VIII Low Energy Differential Cross Section Measurements

(1) Introduction

The objective of the low energy experiment is to investigate the
transfer process as a function of projectile energy and scattering angle.
These parameters were chosen because it can be shown that a fixed value of
the produce 8E corresponds to a fixed distance of closest approach. Thus
data presented for a fixed OE can be easily interpreted since the distance of
closest approach will not vary but only the time the projectile spends in
the vicinity of the target atom.

In any theoretical investigation of the charge transfer process,
approximations are invariably made. One such approximation is the limitation
of the number of basis states used in the expansion of the total system wave

function. However, theorists have no a priori method of determining which
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states or even how many states are necessary to adequately describe charge
exchange. One of the goals of this experiment is to determine the relative
importance of the 2s state in the charge transfer process. To this end, the

following three differential cross sections are being measured:

+
(a) (d’r/dw)+ : H + He »H + (He ]
+ +
() (d1/dw)o : H + He - Ho + [He ]
(5)
(¢) (d1/dw),_: H + He - H(2s) + [He' ]
where the differential cross section (dT/dm)i is defined:
I.
/dw) - (6)
(d+/dw), =
* f wlx)dx M I
ax
Ii = Post collision flux in state i

M = density of target gas
T" = projectile flux
Iudx = Geometrical factor determined by scattered flux aperatures

Helium was chosen as the target because of theoretical tractability.

The brackets denote a lack of knowledge of the post-collision target atom state.

The "total" differential scattering cross-section, is the sum of the
differential cross sections for H+ for Hy :
(d7/dw)g = (d7/dw), + (d7/dw)o
The probability for charge transfer into any bound hydrogen state 1is:
Po = (d7/dw)o/(d7/dw)y s
while the probability for transfer into the 2s state is

P = (dT/duﬂgs/(dT/dw)T
Investigation of these probabilities as a function of scattering angle and

impact energy will indicate the relative importance of the 2s state in the

charge transfer process.
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(2) Experimental arrangement

The protons are produced in a standard ratio-frequency source and
accelerated to the desired energy by a 0-30 kv power supply. The extracted
ion beam is focused with an einzel lens, momentum analyzed in a magnetic
field, refocused by a second einzel lens and enters a large vacuum tank which
contains the bulk of the experimental apparatus.

The vacuum tank is a cylinder 112 cm in diameter and 46 cm high. All
electrical feedthroughs and pumping ports are attached to the baseplate thus
permitting easy access to the equipment in the tank by removal of the top
cover. Pumping is provided by two 6" oil diffusion pumps backed with a 13.6
CFM roughing pump. Eash diffusion pump is trapped with a water baffel and a
dry sorbent trap. With the ion sourcé in operation, the base pressure in the
tank is ~3.107 Torr.

Inside the tank there are two rails machined to optical bench accuracy
and mounted on a central hub. The first rail is 56 cm long and is fixed
while the second is 33 cm long and can move in the horizontal plane around
the axis of the hub. All experimental apparatus in the tank are mounted on
pads which rest on one of the two rails. Thus when the air in the tank is
evacuated and the base plate warps due to the eleven tons of atmospheric
pressure, the relative orientation of the beam collimators and other
apparatus will not change. Figure 3 is a plan view of the apparatus within
the tank.

At the end of the fixed rail, where the beam enters the tank, are
positioned electricstatic deflectors which provide final beam alignment. The
beam is collimated by two-circular apertures. 2.54 mm and 1.02 mm in
diameter. The apertures are spaced 36 cm apart,

Projectile energy is determined directly by a precision 90° cylindrical

electrostatic analyzer, located between the collimating apertures on the path
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of the incoming H+ beam. The energy is determined to an accuracy of +1%.

The target chamber consists of two vertical concentric cylinders. The
outer cylinder, which is rotatable, is 6.03 cm in diameter and has a 3.18 mm
high horizontal slot across the beam entrance side. A narrow vertical slit
is located on the opposite side for the removal of scattered flux. The
horizontal slot is provided so the outer shell can be rotated without
interception of the proton beam. The inner shell is fixed and has a 1.78 mm
circular aperture for beam admission and a 3.18 mm horizontal slot to permit
flux scattered from -7° to +45° to exit the target region. Both cylinders
are electrically insulated to permit biasing or current monitoring. For
angles greater than 1/2 degree, the H& beam is collected on the outer
cylinder after it has traversed the target. A negative biasing potential is
applied to the inner shell to suppress secondary electrons ejected when the
beam strikes the ocuter cylinder.

The target gas, stated by the manufacturer to be 99.999% pure, is supplied
from high-pressure tanks and leaked into the scattering chamber through a
needle valve. A dry ice and acetone cold trap is used to remove condensable

3

inpurities. Target pressures are generally maintained at or below 10™- Torr;

it has been demonstrated that at these pressures the measured differential

cross sections are independent of target density. Target pressures are

monitored with a capacitance manometer whose accuracy and linearity of response

have been checked against a trapped and cooled MclLeod gauge. The pressure

differential between the target cell and the tank is usually 100 or more.
Scattered flux is collimated by two rectangular slits 4.17 cm and

14.33 cm from the center of the scattering chamber. The first slit is 3.17 mm

high and .28 mm wide while the second is 3.17 mm by 1.00 mm. Considerable

care has been exercised in the design and construction of these slits

because any error in their size or relative orientation will be manifested

as a systematic error in the cross section. The small width of the slits
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necessitates measurement accuracies of .0l mm or better. To achieve this
acecuracy, the two slits are mounted on a heavy cylinder which is hcllow to
allow passage of the scattered flux and their relative orientation is checked
with an accurate dial indicator to within +.005 mm. $S1it widths are measured
by the diffraction pattern of a 58884 laser beam, also with a travelling micro-
scope. In addition the slits are manufactured in such a manner that they can be
directly measured with a micrometer. The three measurements are independent
and agree to within +i%. Correct lateral positioning of the slit assembly
is checked by the symmetry of the scattered flux with respect to the center
of the beam.
After traversing the collimation slits, the scattered flux is monitored.
Three detection units are used corresponding to the three post-collislon states
of interest. The H(2s) flux is measured by application of a transverse
electrical field which mixes the 2s and 2p states causing the emission of a
Lyman - photon which is subsequently detected by a continuous electron-
multiplier. Scattered H% flux is measured by a conventional Faraday cup and
a Vvibrating reed electrometer. The neutral flux is detected by measuring
the current of secondary electrons produced by bombardment of a metal surface.
The 28 level of the hydrogen atom is metastable because decay to the
ground state via electric dipole transition is forbidden by the AL =1
selection rule. The most probable mode of decay for an unperturbed 2s state
is by the simultaneous emission of two photons. Lifetime for this process
is ~al/2 sec. This large lifetime permits the excited flux to travel from
the point of formation in the target cell to the detector on the rotating
rail undiminished by natural decay.
To detect the metastable flux, an electric field is applied transverse
t0 the beam to induce mixing between the 2s and 2p levels, causing the emission

of a Lyman-0! photon. A known fraction of these photons is detected by a
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funneled electron multiplier which is operated in a counting mode. It is
arranged to view perpendicular to the particle trajectory and to the electric
field. A MgF plate is placed over the cathode of the detector so that it is
sensitive to photons of wavelength from the MgF transmission cut-off at 1100 i
to the sensitivity cut-cff of the channel multiplier at 2000 A. The
metastable detector is placed 18.4 cm from the center of the gas cell; at

this point spontaneous emission from the 2p state has decayed to negligible
proportions. By measuring the absolute quantum efficiency of the multiplier,
the transmission of the MgF plate and the solid angle subtended by the funnel
of the multiplier, the photon count rate can be related to the flux of

metastable atoms.

Congiderable attention has beén directed towards reducing backgrounds
and ensuring that the observed signal truly represents field induced decay
of the metastable state. These procedures are fully reported in a paper3
and will not be repeated here.

(3) Results

A considerable body of data has now been accumulated for proton inpact
on helium. This work is now being prepared for publication and only .a sample
of the data is presented here.

Figure L4 shows differential cross sectims for the formation of H(2s),
neutral atoms irrespective of excited state, and for elastically scattered H+.
The differential cross sections exhibit little structure and decrease with
angle 9, approximately as 9-3.

A more interesting way of presenting the data is in the form of the

fraction of neutrals that are formed in the metastable state. Figure 5 shows

3"Formation of Metastable Atoms by Charge Transfer" by R. L. Fitzwilson and
E. W. Thomas. Phys. Rev. (Submitted for publication). AEC Report No.
ORO-2591-52.
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such a presentation for an impact energy of 10 keV. It is clear that the
excited state fraction increases by an order of magnitude as one proceeds

from zero angle scattering to an angle of 50. This behaviour is quite re-
markable and shows that neutral beams with 10% metastable contents may be
produced by a suitable selection of impact energy and scattering angle. These
same processes have been studied at a variety of energies and it appears that
the extreme variation is peculiar to 10 keV impact energy. At both lower and
higher energies the excited state fraction varies with angle by much smaller
amounts.

When interpreting differential scattering data one must bear in mind
that the finite resolution of the apparatus will tend to distort the data
from the true cross section behaviour.. The influence of finite resolution
is to be investigated by reducing the sizes of the various collimating slits
and observing the influence on the cross section behaviour. However, it is
not expected that the observed qualitative behaviour will be altered. 1In
particular one does not expect the high metastable content exhibited in
figure 5 to be reduced.

At the present time there is only one detailed theoretical prediction
with which this data may be comparedu and little quantative agreement between
theory and experiment is exhibited. One hopes that the publication of our
data will stimulate activity in this area.

IX. Summary of Progress

Charge transfer studies at high impact energies are essentially complete.
Preliminary studies using emission from the target region are being publishedl’2
and have been terminated. All relative measurements using study of emission

from the evacuated flight tube are complete; it remains only to perform an

absolute calibration of the optical detectim efficiency in the apparatus.

i
L. T. Sin Fai Lam, Proc. Phys. Soc. 92, 67, 1967.
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Studies of total cross sections for dissociation of H2+ and H3+ are
under way at the present time and studies of how electric fields influence
decay and collision mechanisms are also in hand at the present time.

The differential cross section studies are proceeding as expected.
Detailed work for H' impact on He is virtually complete.

Al]l aspects of the program are proceeding in accordance with our
original proposals. The study of dissociation at high energies is a little
behind schedule but not by a significant amount. In addition to the work
contained in the proposals we have also carried out a study of charge transfer
on some complex molecular gases. A congiderable amount of constructimal
work was carried out during the reporting period but that is now complete and

no further construction is anticipated.

X. Program for the Remainder of the Contract Year

The high energy measurements of total charge transfer cross sections
are essentially complete at the present time; an absolute calibration of
the apparatus is being performed in order to assign absolute cross sections.
It will remain only to prepare this work for publications.

The modifications to the high energy experiment that will permit study
of how fields influence the collisional excitation and decay processes are
now complete. Our projected studies will be completed before the end of the
contract year.

The high energy measurements of excited state formation by dissociaticn
are now being commenced but will not be completed by the end of the contract
year.

Low energy studies of the angular distribution of excited atoms formed
by charge transfer in helium will be continued. It is expected that the
study of how apparatus resolution influences the data will be largely campleted

by the end of the contract period. An absolute calibration of the apparatus
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will also be carried out. This part of the program is proceeding well and

the data should be ready for publication by the end of the contract period.

XT. Program for the Future

It is proposed that the main thrust of the program should be the
study of the dissociation mechanism. At high energies we shall study total
cross sections for formation of the 3s, 3p, and 3d states induced by
H2+ and H3+ impact on He, Hz, No and Ar. At low energies we shall study
angular scattering of H(2s) induced by H2+ inéident on He, Hp and for any

other targets that time permits.

XIT. Publications and Travel

Seven reports have been published during the present reporting period:
(1) "Analysis of Recoil He' and He? TIons Produced by Fast Protons
in Helium Gas," by L. J. Puckett and D. W. Martin, Phys. Rev. A,
1, 1432, 1970. AEC Report No. ORO-2591-49.
(ii) "Differential Scattering of Helium Ions on Targets of He, Ne
and Ar at Energies from 120 to 830 keV," by G. 0. Taylor, E. W.
Thomas and D. W. Martin. Phys. Rev. A. (To be published
November, 1970). AEC Report No. OR0O-2591-48.
(iii) "The Formation and Destruction of Excited Hydrogen Atoms at High
Impact Velocities,”" by J. L. Edwards and E. W. Thomas. Phys. Rev.
A. (To be published December, 1970). AEC Report No. OR0-2591-50.
(iv) "Formation of Metastable Hydrogen Atoms by Charge Transfer,” by
R. L. Fitzwilson and E. W. Thomas, Physical Review (Submitted for
publication). AEC Report No. OR0-2591-52.
(ﬁ) "The Formation and Destruction of Excited Hydrogen Atoms at High
Impact Velocities,” by J. L. Edwards and E. W. Thomas. Technical

Report, 13 June 1970, AEC Report No. ORO-2591-L47.
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(vi) "Total Cross Sections for Formation of Excited Atoms by Charge
Transfer at High Energies," by E. W. Thomas, J. C. Ford, J. L.
Edwards. Annual Meeting of the Division of Electron and Atomic
Physics, American Physical Society, Seattle, Washington, Nov. 23.
(To be published in Bull. Am. Phys. Soc.) AEC Report No.
OR0O-2591-52.

(vii) "Differential Cross Sections for the Formation of Metastable
Hydrogen by Charge Transfer," by E. W. Thomas and R. L. Fitzwilson.
Annual Meeting of the Division of Electron and Atomic Physics,
American Physical Society, Seattle, Washington, November 23.

(To be published in Bull. Am. Phys. Soc.) AEC Report No.
OR0-2591-53.

Dr. Thomas attended two annual meetings of the Division of Electron
and Atomic Physics of the American Physical Society. These meetings were in
New York (November, 1969) and Seattle (November, 1970).

Visits have been made by Dr. Thomas to the Oak Ridge National
Laboratory, Bell Telephone Laboratories, University of Belfast+, Amsterdam
Institute for Atomic and Molecular Physics+, and Sandia Corporation. Dr.

Thomas has given five seminars on the work carried out under this contract.

XITI. Personnel
The work described in this report was under the jurisdiction of Dr.
Thomas, Principal Investigator. He has devoted one quarter time to this

project during the academic year and 50% time during the summer.

These visits at no cost to the AEC contract
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Dr. Lee Edwards was supported on this program for one quarter time
and attained his Ph.D. degree in July, 1970, using the work contained in
Section VI of this report as the basis for his thesis.

Mr. Roger Fitzwilson is working half time on this project but draws
financial support from another source. He has been responsible for the work
detailed in Section VII of this report and will use it as the basis for
his Ph.D. thesis.

Three other graduate students have worked part time on this contract;
Messrs. Otto Rausch, Frank McCoy and Isidor Sauers. None of these gentlemen
has yet been admitted to candidacy for the Ph.D.

During the present year two undergraduates have worked on the project;

Mr. Mordechai Schaham and Miss Tansa Sims.

XIV. Incident Report

There have been no incidents for which a report is required during
the performance of the research under this contract in the present reporting

period.
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I. Title

Formation of Excited Hydrogen Atoms by Charge Transfer and Dissociation

II. Introduction

This report summarizes work performed on excitation phenomena under
contract AT-(40-1)-2591 for the U. S. Atomic Energy Commission. The present
report covers the period 1 December 1970 to 30 November 1971 which corresponds
to the first 9 months of the 12 month period covered by modification No. 13
to this contract, plus the final three months of the preceeding contract

period,

IITI. Abstract
Studies are being carried out cn processes by which fast excited hy-

+
drogen atoms are formed by charge transfer neutralization of H
+ * +
H +X-H + [X ] (1)

+
by dissociation of H2

+ * +
H, +X~-H + [H + X] (2)

+
and by dissociation of 35
1—]3++X—~H*+[H2++X] (3)

The square brackets indicate that there is no information about the state of
excitation, ionization or molecular association, of the atoms contained within
them. We investigate both the total cross sections for the formation of
excited hydrogen as well as the angular distribution of excited atoms.

At projectile energies ranging from 75 to 1000 keV the total cross
sectiong for the formation of the 3s, 3p and 3d excited states are measured
absolutely. Principal targets include helium, hydrogen, argon, nitrogen;
some work also was done with targets of NO, 02, Co, CO2’ CHﬁ, C2Hh’ 02H€ and

C5H8' In all cases the cross sections decrease rapidly with increasing

1




energy; the 3s cross section was always largest followed by the 3p and 3d.
Available theoretical predictions for the case of a helium target are in
quantitative agreement with experiment; there are however minor differences
in the magnitudes of the theoretical and experimental cross sections that lie
outside the bounds of experimental error. In the study with molecular
targets there was no convincing evidence for a general additive rule whereby
cross sections could be assigned to the individual constituent atoms of the
molecule.

At lower energies, in the range 5 to 30 keV, we study the formation of
metastable hydrogen as a function of the angle at which the projectile is
scattered. For the processes described by Equations 1, 2 and 3 it is found
that the fraction of neutral atoms formed in the metastable state increases
dramatically with scattering angle; in some cases the rise 1s an order of mag-
nitude. Coupled-state formulations should be used for the prediction of the
measured quantities; the available predictions are in general disagreement
with experiment.

A very brief study has been made of the phenomena occuring when H+,
H2+, and H5+ strike a surface; the interest here is again in the production
of excited H atoms. The reaction is still expressed in general terms by
equations 1, 2, and 3 but now the target is a metal surface. Preliminary
results suggest that a significant number of hydrogen atoms recoiling from the
surface are in the 3s, 3p, énd 3d excited states; the average energy of re-

coiling atoms appears to be of the order 2 to 3 keV.

Iv. Objective

The overall objective of this program is to come to an understanding of
the mechanisms by which excited hydrogen atoms are formed in processes of

charge transfer and dissociation. Much of the work involves simple targets;

for such cases detailed theoretical predictions should be tractable. The




study of the total neutral atom formation is ambiguous since it will include
all excited states and not specify their relative importance; the study of
high principal quantum number states is experimentally unattractive because
they cannot be resolved and are readily mixed by small stray electromagnetic
fields. It is therefore concluded that the formation of hydrogen atoms in
the lower (n = 3 and n = 2) excited states is the most satisfactory mechanism
for testing experimentally the theoretical predictions of charge transfer

and dissociation cross sections. The fundamental understanding of the basic
processes may be readily extrapolated to the prediction of cross sections

for other excited states and for other targets.

The principal areas of study in the program may be considered in
two parts; first there are total cross sections for the formation of the 3Js,
3p and 3d states of hydrogen measured at high energies (75 - 1000 keV) and
secondly, differential (in-angle) cross sections for formation of metastable
(2s) hydrogen at low energies (5 - 30 keV). The total cross sections are
designed to test detailed theoretical predictions in the Born approximation
at high energies; this theory must eventually be correct if one goes to
sufficiently high energies. The low energy studies are to cover an energy
region where Born approximations are incorrect and where sophisticated coupled
state calculations should be necessary. It is always desirable to test theory
by comparison with differential (in-angle) cross section measurements; how-
ever for practical reasons differential cross sections can be measured only
in low velocity regions.

The specific objectives of the prcgram for the period of this report
were stated in the relevant proposal. At high energies it was proposed to
study dissociation of H2+ and H3+ on various targetsy; this is essentially
complete. At low energies we proposed to study angular distributions of H(2s)

+ +
formed by charge transfer and dissociation as H and H2 are incident on H2
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and Ar; this is complete and some additional studies with H5+ beams and with
N2 targets have been carried out. It was also proposed to study the influence
of electromagnetic fields on the decay of 3s, 3p and 3d states; although

this is completed we are unable t0 explain properly the results and the sub-
ject remains in an unsatisfactory state.

As a subsidiary experiment that was not included in our original
proposal we have considered the formation of excited hydrogen atoms by H#,
H2+ and H§+ impact on metal surfaces. This represents a multiple collision
problem which cannot be subjected to analysis in terms of cross sections for
binary encounters. The objective is o study the probability that an inci-
dent projectile ion is neutralized iInto a specific excited state and then
reflected. Also we hope to gain some information about the velocity dis-
tribution of the reflected atoms.

We will not repeat here the various justifications for this program
in terms of the AEC's effort in thermonuclear research; those considerations
are discussed in our proposals. It will suffice to note that the areas of
neutral beam injection into plasmas, plasma diagnostics and particle loss
mechanisms all involve charge transfer and dissociation mechanisms. We
suggest that the understanding of these mechanisms. We suggest that the

understanding of these mechanisms is important to the AEC's overall thermo-

nuclear research program,

V. Organization of the Report

The report is divided into three parts. First, we discuss high
energy measurements of 3s, 3p and 3d excited state formation. Second, there
is a report on the low energy studies of how metastable hydrogen formation
varies with the scattering angle. Third, there is a brief report on our
preliminary studies of excited state formation induced by particle impact on

surfaces.




Most of the cross section measurements have been submitted for pub-
lication or are now being prepared for publication. For economy and
efficiency we will not repeat that material here but will refer the reader
to the impending publications. This present report will concentrate on a
brief statement of the experimental method followed by a list of the

reactions studied and a sumary of the more important conclusions.

VI. High Energy Total Cross Sections Measurements

These experiments study formatipn of hydrogen in the 3s, 3p and 3d

+
2

energies range from 75 to 1000 keV.

+ +
states induced by H , H, and H3 impact on various targets; projectile

The experimental method is to fire the projectile beam through a cell

containing the target gas and then into an evacuated flight tube; observations
are made of light emitted as the beam traverses the flight tube. If light

is emitted by a single decay mechanism, then the intensity of the emission
will decrease exponentiaslly with distance from the gas cell exit. The
intensity I(x) as a function of distance, x, from the target cell exit is

given by:
I(x) =1I(o) &/ T (%)

The velocity of the excited atom is v, the lifetime of the excited state 3
I(o) is the intensity at the exit from the cell and may be related to the
cross section for the formation of the excited state. Measurement of I(x)

at various x permits determination of I(o) and hence of the cross section of
interest. Now, in the present experiments we are studying the formation of
the 3s, 3p and 3d states by measurement of the hydrogen Balmer alpha spectral
line intensity. This line contains contributions from three transitioms,

3s = 2p, 3p — 2s and 3d - 2p. Thus the measured intensity is represented

by a sum of three equations like equation 4y each equation involving different




values of I(o) and T. The procedure is to measure I(x) and de-convolute this
into three exponential decays having the known characteristic lifetimes of

the 3%s, 3p and 3d states; the three characteristic values of I(o) so derived
are then used to find the cross section for the formation of the excited
states. It is to be noted that the three transitions that contribute to the
Balmer alpha line (namely 3s — 2p, 3p — 2s and 3d — 2p) all exhibit essentially
the same wavelength and cannot be resolved spectroscopically in a simple
manner. The technique described here utilized the characteristic lifetimes

of the three states to provide a separation of contributions that cannot be
carried out by spectroscoplic methods.

This technigue has been applied to a wide variety of cases. We have
studied charge transfer by protons in targets of He, Ar, H2, N2, NO, 02, co,
002, CHH’ C2HM’ C2H , and CBHB' The lower energy limit for this work 1s 75
keV. The upper limit is determined in practise when the signal becomes so low
that it cannot be distinguished from instrumental noise; this is generally
500 to 700 keV. Dissociation leading to the formation of the three excited
states [Eq. 2 and Eq. 3] is being studied for targets of He, Ar, H, and N,
at energles from 5 to 1000 keV.

During the period covered by this report we carried out a completely
new calibration of the apparatus detection efficiency. It was based upon the
use of a tungsten strip filament standard lamp; the output of such a lamp is
known in terms of the emission by a black body. All the data resulting from
this experiment are absolute; previous data produced in this program were
relative and normalized to an earlier cross section measurement.

A full discussion of the experimental method has been written along

with a complete discussion of all charge transfer measurements; these papers




1,2

have been submitted for publication, in addition to the work concerning

3

+ +
the dissociation of H and H on helium.

2 )

studies are still in progress and will be discussed in future publications.

The remaining dissociation

All charge transfer studies show cross sections that decrease rapidly
with energy; the 3s cross section is greatest followed by 3p and 3d. For a
helium target)+ there are theoretical predictions available based on the Born
approximation. There is a good general agreement between theory and experi-
ment but some specific differences exist for the 3p cross section which
cannot be explained by experimental error;1 undoubtedly the theory needs im-
provement. There are a couple of general theoretical formulations of the

5,6

charge transfer problem that have often been used for design purpose in

neutral beam injectors; one formulation treats all types of targets as single

p)

electron atoms (i.e. as H)” while the cther treats all targets as two electron
atoms (i.e. as He)6. These theories are in general agreement with experiment
for targets of H and He; this is to be expected. However they show only

qualitative agreement when applied to the more complex targets. It is con-

cluded that when the one and two electron formulations are applied to complex

1) J. C. Ford and E. W. Thomas, "Formation of Fast Excited H Atoms. I
Charge Transfer Neutralization of H' in He and Ar", Phys. Rev. (submitted
for publication 1971). Also issued as AEC Report No. OR0-2591-58.

2) J. C. Ford and E. W. Thomas, "Formation of Fast Excited H Atoms. II
Charge Transfer Neutralization of H' in Molecular Targets", Phys. Rev.
(submitted for publication 1971). Also issued as AEC Report No. ORO-2591-59.

3) J. C. Ford, F. M. McCoy, R. Conrads, E. W. Thomas, "Eormation of Fast
Excited H Atoms. TIII Collisional Dissociation of and H.' on Helium".
Phys. Rev. (submitted for publication 1971). Also issued a§ AEC Report
No. ORO-2591-60.

4) R. A. Mapleton, Phys. Rev. 122, 525 (1961).

5) J. R. Hiskes, Phys. Rev. 137 A 361 (1965); Phys. Letters 17, 263 (1965);
Phys. Rev. 180, 146 (1969).

6) S. T. Butler and R. M. May, Phys. Rev. 137, A 10 (1965).




atoms they should be expected to give order of magnitude estimates and then
only at high energies (say greater than 300 keV).

The dissociation processes show only a very slow variation of cross
section with energy and exhibit a maximum at about 100 keV. It is interesting
that the cross sections for formation of the 3s, ?p and 3d states are
essentially equal. The cross sections for formation of excited neutrals at
high energies are up to three order of magnitude higher than the cross
sections for formation by charge transfer.

We have carried out a study of how electric fields influence the decay
of the 3s, 3p and 3d states. Fields were applied both transverse and longi-
tudinal with respect to the beam in the observation chamber. It was expected
that the influence of fields could be readily predicted in terms of the Stark
effect; from this fields greater than 2 volt/cm should completely mix the 3p
and 3d states while fields greater than 60 volt/cm should completely mix 3s
and 3p states. By studying the decay curve, I(x), as a function of electric
field one would expect to see the influence of the Stark effect as a change
in the spatial distribution of intensity. The surprising observation was that
nothing happened at fields up to 60 volt/cm and only at about 200 volt/cm
did the decay curve show a small change. These observations are not under-
stood. It must be admitted that the experiment is not completely free of
disturbing stray fields; in particular there is an appreclable component of
the earth's magnetic field. Perhaps the observations could be understood by
a perturbation of hydrogen simultaneously through the Zeeman and Stark
effects for the case of very weak f'ields; such a treatment is not to be found
in the literature and would be very complicated for the case of hydrogen.

Work on this problem has of necessity ceased until we can deduce at least a

qualitative understanding of the observations.




VII. Low Energy Differential Cross Section Measurements

Here we study the angular distribution of metastable (2s) hydrogen
atoms formed by charge transfer and dissociation as H+, H2+ and H3+ ions
traverse various targets. Again the intention is to provide information that
will assist with the fundamental understanding of such processes. It can be
shown that the distance of closest approach during a collision is (at least
approximately) a linear function of the product between projectile energy, E,
and scattering angle, 6. Thus, keeping E fixed and varying & one can observe
how the collision mechanism varies with the colliding atoms.

The prediction of cross section behavior is in terms of the potential

energy curves and the minimum separation distance between the colliding

partners. It follows that studies of angular scattering permit the most
direct comparison between theory and experiment.

At the energies of this experiment the simple one-state theories, like
the Born approximation, are not satisfactory. The so-called coupled state
calculations are necessary at energies below the limit of the Born approxi-
mation's applicability; this experiment is designed specifically to assist
with the formulation of coupled state calculations.

The ion beam for this experiment is provided by a 5 - 30 keV accelerator
with an RF ion source. The beam is collimated to an angular width of +20'
and then directed into a target gas cell.

A slit system selects a small part of the scattered particle flux and
permits it to enter a detection region. Facilities are provided for detection
of ions, neutrals and metastable atoms. By rotating the slit system about the
center of the target cell one may change the scattering angle of the detected
particles. From the measurement of scattered particle flux as a function of

angle one may determine the cross sections for the scattering of charged

neutral and metastable atoms.




The ions are detected quite simply as a current by a Faraday cup
arrangement. The neutrals are detected by a secondary emission detector.
Metastables are monitored through the emission of Lyman alpha photons when
an electric field is applied to the flux of scattered particles; a field
mixes the 25 with the 2p state causing a Lyman alpha photon to be emitted
through the 2p — ls decay.

We have written a rather complete description of the basic apparatus
in a configuration for measurement of neutral and charged particle fluxes.7
There is also a separate publication wherein the metastable hydrogen detector
is described in detail.8

The early program of work with this apparatus was in fact the study of
total cross sections. The objective was to confirm the proper operation of
the apparatus; the cross sections concerned had often been measured pre-
viously by other investigators. To carry out such total cross section measure-
ments the detector system is placed in line with the primary projectile beam
and then all defining slits removed so that all scattered particles enter
the detectors. The total cross sections measured in this manner included
neutralization of H+ by charge transfer and formation of metastable hydrogen,
H(2s), by charge transfer neutralization of protons. All such total cross
section measurements are either published8 or in the course of publication.7
The differential-in-angle cross section measurements have been pursued

+ _O
very actively. We have studied the angular distributions of H , H and H(2s)

induced by H+ impact on targets of He, Ar, ].\I2 and Hg. We have also studied

7) R. L. Fitzwilson and E. W. Thomas, Rev. Sci. Inst. (to be published
December 1971).

8) R. L. Fitzwilson and E. W. Thomas, Phys. Rev. A 3, 1305 (1971).
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+ +
dissociation of H2 and H3 on targets of He, Ar and N2

+
of H, z° and H(2s). A few of the measurements are published in the pro-

leading to formation

ceedings of a conference.9 These extensive measurements are now being pre-
pared for publication and we will not attempt any detailed discussions here.
The most interesting aspects of the charge transfer work is made
apparent when one plots, as a function of angle, the ratio of the metastable
flux to the total neutral flux. This quantity represents the fractional
content of the scattered neutrals that are in the 2s state. Figure 1 shows
such a plot for H' impact on He. It is observed that at small scattering
angles only a very small fraction of the neutrals are formed in the 2s state;
as angle is increased the fractional metastable content rises by as much as
an order of magnitude. One may produce a qualitative explanation in terms
of the calculated potential energy curves of the (HeH)+ system. At large
internuclear distances the energy required to go from H + He to H(ls) + He
is appreciably less than the energy required to go to H(2s) + He+. We obgserve
that for large impact parameters collisions the probabilities of forming H(2s)
is relatively small. Conversely for small internuclear separations the po-
tential energy curves for H(ls) + He' and H(2s) + He' are very close together;
for small impact parameter collisions the formationoof H(2s) is of large
probability. We therefore have the expected picture that when formation of
H(2s) needs appreciably more energy than formation of H(ls) then the latter

is favored and the fractional metastable content is low; when formation of

H(2s) and H(1ls) requires approximately equal energies then the probabilities

9) R. L. Fitzwilson, I. Sauers, and E. W. Thomas. Proc. VII International
Conference on the Physics of Electron and Atomic Collision (Pub. by the
North-Holland Publishing Co., Amsterdam 1971), page 608.
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of their formation become similar. A coupled-state theory by Sin Fal Lam
shows general qualitative agreement with the observations.
The high metastable content of the scattered neutrals at large angles
is also exhibited in the dissociation mechanism. Figure 2 shows the fractional

+
metastable content exhibited by dissociation of H, ; again there is a rise with

2
angle. The interpretation must be different from the charge transfer problem.
The angular distribution is governed primarily by the energy released as the
molecule dissociates; the actual angular scattering of the molecules center

of mass is usually insignificant. It is to be noted that the metastable
fraction in dissociation is not greatly different from that in charge transfer.

However one should bear in mind that the total flux of metastables in dis-

sociation is much greater than that in charge transfer.

VIII. Excitation Induced by Particle Impact on Solids

During the cowr se of the present contract year we carried out a brief
study of excited state formation induced by ion impact on solid surfaces.

This work was in the nature of an exploratory study to determine the feasibi-
lity of this type of study.

It is often observed that an ion beam striking a surface causes the
emission of radiation. There have been only a very few recorded attempts to
study this emission. Undoubtedly emission arises from ejected surface atoms
as well as from projectiles that are scattered back from the surface in an
excited neutral state. Phenomena occurring at a surface may represent the
net effect of many individual collisions. When dealing with gas phase targets

it is possible to observe the results of single collisim events.

10) L. T. Sin Fai Lam, Proc. Phys. Soc. (GB) 92, 67 (1967).
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The objective of this work was the study of emission induced by impact

+ + + . . L. . .
of H, H, and H, ions, on metal surfaces. The principal interest was in

2 3
the formation of excited hydrogen atoms by neutralization and by dissociation;
such processes may be represented by equations 1, 2 and 3 provided we now
understand X to be a solid target and we admit that the final state may
result from multiple collisions. Clearly the processes leading to formation
of excited hydrogen must be very similar to those we have studied in gas
phase targets.

Two types of observations were planned. First we wished to make a
general spectral analysis of the emission. Second, we intended to make a
detailed study of the hydrogen lines in order to determine intensity of
emission and the velocity of the emitters.

The experiments were all carried out in the apparatus that is used
for our high energy collision studies (described in section VI). No signi-
ficant modifications to the apparatus were involved. The target material
was placed on a holder located in the observation region of the high energy
experiment. Facilities were available to view the target surface with either
a monochromator or with a photomultiplier interference filter combination.

The targets used for this study were commercial grade of stainless
steel and a sample of high purity copper. No attempt was made to produce an
atomically clean surface.

Spectral analysis of the emission induced at the surface proved to
be impossible. The emission was very weak and the sensitivity of the
optical system was poor. There were indeed signals at various wavelengths
but not enough to permit any sort of adequate analysis.

We then turned to the study of Balmer alpha emission using a photo-

multiplier interference filter combination as a detector. This arrangement

has a sensitivity which is an order of magnitude greater than that of the




monochromator. The experimental arrangement is shown very schematically in
Fig. 3. The beam falls perpendicular to the metal surface. The optical
system images a small portion of the beam path onto a photomultiplier detector;
an interference filter selects the spectral line of interest (Balmer alpha
65634). This arrangement permits detection of light emitted from a small
volume of the observation region. By tracking the detector parallel to the
beam path one may observe how intensity varies with distance from the surface.
The detection sensitivity of the optical system was determined by placing a
source of known intensity at the object point of the lens system.l

Figure 4 shows the variation of Balmer alpha intensity with distance
from the target surface. As the detector is tracked from viewing a position
behind the target (where of course the signal is zero) the signal rises very
rapidly, peaks, and then drops as one moves a distance from the front surface
of the target. The rise of intensity close to the surface is an instrumental
effect caused by the target obscuring part of the optical field of view; this
‘should be ignored. The density of emission is of course directly proportional
to the density of excited atoms; the data therefore indicates that a sub-
stantial number of excited atoms recoil a distance of some centimeters before
they decay.

It was necessary to prove that the emission was indeed at a wavelength
of 65634, Scans were made of the intensity distribution using filters that
did not transmit hydrogen lines; scans were also made with no filter at all.
In all cases the intensity close to the surface was very high and then dropped
precipitously to zero within a very short distance from the surface. This in-
dicated a substantial amount of emission at many wavelengths, with the
emitting particles located in the surface or very close to it. We speculate
that there is indeed a continuum that is emitted as a result of localized

heating of the surface by the beam. In no case was there evidence of emission
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at distances of a centimeter; hydrogen line emission is still significant

at such distances. It is concluded that various emissions occur at the sur-
face but only hydrogen spectral lines are observed from regions in front of
the surface.

The general interpretation of the picture is as follows. Two-hundred
keV protons are incident on the surface and a small proportion are scattered
through an angle of about 180° while picking up an electron into the n = 3
excited state. The scattered projectile possesses some kilo-electron volts
of energy and may move an appreciable distance before decaying radiatively
with the emission of a photon. If all recoiling atoms were in the same ex-
cited state and exhibited the same velocity, then the intensity should de-
crease exponentially with distance from the target surface. The detailed
interpretation of the data is complicated by the fact that three excited
states (3s, 3p and 3d) contribute to the Balmer emission here, just as they
do in the case of the experiments described in section VI. Moreover, the
recoiling particles may exhibit a distribution of velocities.

These data have been analyzed to estimate the mean energy of the
recoiling particles. It was necessary to make an assumption concerning the
velocity distribution of the recoils and the population distribution between
the three contributing levels. With these assumptions one has the general
form of the intensity decay curve and can fit it to the data in order to
derive the mean velocity. For simplicity we assumed that the recoiling pro-
jectiles could be treated as monoenergetic; this is a fairly reasonable
assumption if most of the collisions occur at the surface. Two different
approaches were used for the population. First we assumed that the population
of the 3s, 3p and 3d states was in the ratio of the statistical weights (i.e.

in the ratio 1:3:5) and made a fit to the data over the full range of distance.

As a second approach we assumed that only the 3s state was present at large




distances from the surface and fitted a single decay curve to the data.
With both types of analysis we conclude that the recoiling energy of the pro-
jectiles is of the order 2 keV.

From the intensity of the emission we can make an estimate of the
number of backscattered projectiles that are in the n = 3 excited state. It

appears that of the order one recoil atom in the n = 3 is formed for every

7

10" incident protons.

We have carried out these observatimms for a number of energiles and
used both copper and steel targets. Some variations of results are seen but
they have no statistical significance for the present rather crude experiments.

We conélude from this study that when protons of energy between 100
and 400 keV are incident and "dirty" targets of copper and steel approximately

7

one in 10" of the projectiles is backscattered as a hydrogen atom in the

n = 3 excited state; the energy of the recoil is of the order 2 to 3 keV.
There are very few previous experiments with which the present data

may be compared. Kajzer and Sternbergll conclude that at low energies

T

+
approximately one in 10' of H projectiles is backscattered in the n = 4

excited state; the energy of the projectiles is not properly specified.

+
12,15,1k have studied Lyman alpha emission induced by H in-

Various authors
cident on solids at energies up to 30 keV; the general conclusion is that
approximately one atom in the 2p state is produced for every lO3 incident

protons and that the mean energy of recoil is about 5 keV. These previous

11) M. Kajzer and Z. Sternberg, Proc. of the Summerschool and Symposium on
Physics of Ionized Gases. (Pub. Institute J. Stefan, Llubljana,
Yugoslavia, 1970), page 83.

12) A. A. Sterk et al., Phys. Rev. Letters 17, 1037 (1966).

13) G. H. Dunn, Phys. Rev. 128, 2200 (1962).

14) ¢. M. McCracken and S. K. Events, Physics Letters 31A, 429 (1970).
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experiments are not directly comparable with the present studies; however

there are no apparent inconsistencies between these diverse results.

IX. Program for the Remainder of the Contract Year

The high energy (75 - 1000 keV) collisional dissociation studies of
H2+ and H3+ impact on H

our high energy studies of how hydrogen is formed in the n = 3 state by

09 N2 and Ar will be finished. This will conclude
processes of charge transfer and dissociation.

The low energy experiments ( 5 - 30 keV) are currently devoted to the
angular distribution of H(2s) formed in dissociatim processes by H2+ and
H5+ impact on stable gases. This will be completed in the present year by
studying H3+ impact on H2, N2 and Ar at a few energies. Equipment will be
ingtalled to permit formation of neutral hydrogen beams by charge transfer

+
neutralization of H ; this beam will be used for studies of the following

process:
*
H+ He ~H (2s) + He (5)

The equipment for this modification is on hand and readily can be installed.
The study of the mechanism will be commenced although not completed before

the end of the present contract year.

X. Program for the Future

It is proposed to undertake a study of how metastable hydrogen atoms
are formed by the collisional excitation of fast neutrals; this process is
described by equation 5. This will be studied as a function of projectile
scattering angle at energies from 5 to 30 keV. The work will utilize the
apparatus discussed in section VII of this report; no significant mechanical

construction is involved.
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We will also undertake a study of metastable hydrogen formation by
charge transfer in a cesium target; this process is described by equation 1.
Again the experiment will be carried out at low energies (5 to 30 keV) and
will study angular distributions. Charge transfer in cesium is of great
interest because it is an accidentally resonant process for which the energy
defect is zero; as a consequence the total cross section is very high. This
will require some extensim of our present technology since we have no pre-
vious experience with metallic vapour targets. A cesium vapour target must
be provided for the low energy experiment.

Finally it is proposed to commence a detalled study of how ions are
neutralized by impact on a surface. This is an extensim of the work described
in section VIII of this reprt. The work will be carried out at high energies
(75 to 1000 keV) and will utilize the apparatus previously employed in high

energy excitation studies.

XI. Publications and Travel

Eight papers have been published during the present reporting pericd.

They are as follows:

(i) "The Formation and Destruction of Excited Hydrogen Atoms at High
Impact Velocities", by J. L. Edwards and E. W. Thomas. Phys. Rev. A
2, 2346, 1970. AEC Report No. ORO-2591-50.

(ii) "Formation of Metastable Hydrogen Atoms by Charge Transfer", by R. L.
Fitzwilson and E. W. Thomas, Fhys. Rev. A 3, 1505, 1971. AEC Report
No. ORO-2591-52.

(iii) "Measurement of Differential Atomic Collision Cross Sections', by
R. L. Fitzwilson and E. W. Thomas. Review of Scientific Instruments.
(To be published December 1971), AEC Report No. ORO-2591-57.

(iv) "The Angular Distribution at Fast Metastable Hydrogen Formed by
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Charge Transfer and Dissociation", by R. L. Fitzwilson, I. Sauers,

E. W. Thomas, Proc. of the VII International Conference on the

Physics of Electronic and Atomic Collisions. (Pub. by North-Holland
Publishing Co., Amsterdam 1971), page 608. AEC Report No. OR0-2591-56.

(v) "Formation of Excited H Atoms (n = 3) by High Energy Charge Transfer
and Dissociation", by J. C. Ford, F. MeCoy, E. W. Thomas, Proc. of
the VII International Conference on the Physics of Electronic and
Atomic Collisions. (Pub. by North-Holland Publishing Co., Amsterdam
1971), page 818. AEC Report No. OR0-2591-55.

(vi) "Formation of Fast Excited H Atoms. I Charge Transfer Neutralization
of H in He and Ar", by J. C. Ford and E. W. Thomas, Phys. Rev.
(submitted for publication 1971). AEC Report No. OR0O-2591-58.

(vii) "Formation of Fast Excited H Atoms. II Charge Transfer Neutralization
of H+ in Molecular Targets. Phys. Rev. (submitted for publication
1971). AEC Report No. OR0O-2591-59.

(viii) "Formation of Fast Excited H Atoms. III Collisional Dissociation of
H2+ and H3+ on Helium", Phys. Rev. (submitted for publication 1971)
AEC Report No. OR0-2591-60.

Two Ph.D. thesis have been written on this work. They were as follows:

(1) "Angular Distribution of H(2s) Formed by Electron Capture and
Dissociation Collisions", by R. L. Fitzwilson, August 1971.

(ii) "Formation of Excited Hydrogen Atoms by Charge Transfer Neutralization
of High Energy Protons", by J. C. Ford, August 1971.

It has been our practise in the past to publish such theses as project

reports. This procedure is somewhat redundant since all the important infor-

mation is later published in the open literature. In the present difficult
funding conditions it was thought desirable to curtail this practise and to
rely on the dissemination of the results by formal publications. Thus these

theses remain unpublished; the relevant data and conclusions are discussed
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in the publications that are listed in the above paragraph and also in
articles that are currently in preparation.
Dr. Thomas attended the VII International Conference on the Physics
of Electronic and Atomic Collisions in Amsterdam. At that conference he
presented two papers [publications (iv) and (v) above ], served as a session
chairman and also presented a short invited review paper on collisional
excitation experiments. Dr. Thomas also attended a "Seminar on Ion Atom
Collisions" that was held in Amsterdam immediately prior to the above mentioned
conference; attendance at the 3-day seminar was by invitation only. In the
course of the visit to Burope Dr. Thomas also made short visits to the
Universities of Aarhus (Denmark), London (England), Belfast (Northern Ireland)
and to the Institute for Atomic and Molecular Physics (Amsterdam, The Netherlands).
Visits have been made by Dr. Thomas to the Oak Ridge National
Laboratory. Dr. Thomas has given four seminars on the work carried out under
this contract; these seminars were at the University of Georgia, Auburn
University, Georgia State University and the Institute for Atomic and Molecular

Physics in Amsterdam.

XII. Personnel

The work described in this report was under the jurisdiction of Dr.
Thomas, Principal Investigator. Since September 1, 1971, Dr. Thomas has been
on leave of absence at the Institute for Atomic and Molecular Physics (Am-
sterdam, The Netherlands). During Dr. Thomas' absence the day to day direction
of the program has been in the hands of Dr. John Ford; however, Dr. Thomas
retains overall responsibility for the project. The arrangements for the
supervision of the project during Dr. Thomas' absence were made with the full

agreement of AEC headquarters.
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For the period ending September 1, 1971 Dr. Thomas devoted 20% of his
time to this project during the academic year and 80% of full time during
the summer. Since September 1, 1971 Dr. Thomas has drawn no financial support
from this contract but continues to perform such functions as the writing
of reports, articles and the reviewal proposal.

Since September 1, 1971 Dr. John Ford has devoted 40% of his full time
to this project. Dr. Ford is currently a temporary faculty member at Georgia
Tech.

Dr. John Ford was supported for one-half time on this contract until
1st September 1971 in the capacity as a graduate research assistant. The
high energy program discussed in Section VI was the basis for his Ph.D. thesis.

Dr. Roger Fitzwilson was supported on this contract at a rate of one
half time for one quarter. Part of the low energy program discussed in
section VII was the basis for his Ph.D. thesis. Dr. Fitzwilson is now carrying
out plasma physics research at the University of Minnesota.

Mr. Isidor Sauers has been supported for half of full time on this
contract. He has been partially responsible for the low energy experiments
discussed in part VII of this report; it is expected that he will write a
thesis on the continuation of this work in about 15 months time.

Two other graduate students have worked part time on this contract;

Mr. Frank McCoy and Mr. Robert Conrads. Two undergraduates have also worked

on this contract, Mr. Mordechal Schaham, Miss Tana Sims and Mr. Fred Cox.

XITI. Incident Report

There have been no incidents for which a report is required during
the performance of the research under this contract in the present reporting

period.
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PREFACE

This report summarizes the results and the apparatus and techniques
used in the course of studies under Contract AT-(40-1)-2591 for the
U. S. Atomic Energy Commission. This report covers the work performed
to May 1, 1970, and is identical to the text of a thesis entitled
"The Formation and Destruction of Excited Hydrogen Atoms at High
Impact Velocities" which was submitted by J. L. Edwards to the faculty
of the Georgila Institute of Technology in partial fulfillment of the
requirements for the degree of Doctor of Philosophy in the School of
Physics. Having completed all other requirements, he will be awarded
this degree at the June, 1970, commencement of the Georgia Institute
of Technology.

The results of this work are being prepared for submission to

Physical Review for publication. The thesis contains a far more

detailed report of the apparatus and of the tests used to evaluate the
apparatus than would be permissible in a journal article. Therefore
the thesis is being issued as a technical report for the benefit of
others who may need a detailed discussion of the procedures used in

this work.
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ABSTRACT

A study has been made of the charge transfer processes whereby
fast, neutral atoms of hydrogen are formed in the 3s, 3p, and 34 ex-
cited states as a result of the impact of protons on targets of helium
and of nitrogen. The procedure involved quantitative measurement of
the Balmer alpha radiation emitted in spontaneous decay of the excited
atoms. The fact that the 3s, 3p, and 3d states have substantially
different lifetimes permitted the use of a time-of-flight technique to
identify separately their contributions to the emission. It was neces-
sary to assess the influence of processes whereby the excited atoms
were collisionally destroyed before undergoing spontaneous radiative
decay. Detailed measurements of the collisional formation and destruc-
tion processes are presented for targets of He and Né for impact ener-
gies from 75 to LOO keV. An assessment is also made of the effect on
the measurements of other secondary processes: cascade contributions
from more highly excited states and the formation of ground state neu-
tral atoms of hydrogen in the beam with the subsequent excitation or
ionization of these atoms. Comparisons are made with theoretical
predictions and with other experimental measurements.

The cross section for capture into the 3s state is by far the
largest of the three capture cross sections and is larger for a nitro-
gen target than for helium. Cross sections for capture into the 3p

and 3d states are one to two orders of magnitude smaller, but the




fraction of the atoms formed in the p and d states is slightly
larger in nitrogen‘than in helium. There is agreement with other
measurements within experimental error. Calculations utilizing the
Born approximation are available for a target of helium, and there is
agreement with the predictions for capture into the 3s and 3d states.
However, the calculation for the 3p state appears to overestimate the
cross section by a factor of at least four.

The cross sections for collisional destruction of atoms in the
3s state are several orders of magnitude larger than for electron cap-
ture into this state, and the magnitudes of the measured values are in

agreement with theoretical predictions.




CHAPTER I
INTRODIJCTION

Techniques for observing collision processes among atomic
particles have proﬁided science with some of its most valuable tools
for probing the structure of matter. A knowledge of atomic collision
processes is of great importance in verifying laws of particle inter-
action, and the subject has evoked considerable interest during the
last several decadés.

With the development of quantum mechanics, it became possible,
in principle, to méke calculations for any atomic collision process.
However, computational difficulties have prevented exact calculations
in most cases. Calculations for a collision process require the wave
functions of all the collision partners. Wave functions of sufficient
accuracy for the precise prediction of collision phenomena are not yet
known except for hydrogenic atoms and ions. Furthermore, the quantum
mechanical description of the dynamics of a collision process requires
a set of wave functions which is complete in the mathematical sense
and leads in practice to an almost intractable, infinite set of equa-
tions. Because of these complexities, exact computations appear to be
impossible at the present time.

Recourse must therefore be made to simplifying approximations.
Unfortunately, the validity of such approximations is, in general,

impossible to assess in advance. Only by comparison with experimental




measurements can their validity be evaluated. However, once a theore-
tical approach has been thus verified, it is sometimes possible to
extend it with confidence to situations for which experimental verifi-
cation is impossible.

Any description of events which occur on an atomic scale must,
in general, be given in terms of probabilities. This fact is due to an
inherent property of nature and applies to all types of atomic colli-
sion processes. The concept of a collision cross section is frequently
used to describe the probability of forming a particular post-collision
system, and a mathgmatical development is given in Appendix I. Both
experimental measurements and theoretical predictions pertaining to
collision processes are frequently made in terms of cross sections.

The primary objective of this research has been the measurement
of cross sections for the formation of fast, excited hydrogen atoms in
the 3s, 3p, and 3d states by the impact of protons on gaseous targets.
Impact energies raﬁged from 75 to 400 keV. The process of interest
was the direct for@ation of these atoms by transfer of an electron from

a target atom.

"+ X - H (3s, 3p, or 3d) + X (1)

Targets "X" of helium and of molecular nitrogen were used.
A process of secondary interest was the collisional destruction

of excited atoms prior to their spontaneous radiative decay.

H*(3s, 3p, or 3d) + X — [H+ + el + [X] (2)




The brackets are used to indicate that the present experiments provided
no information on the states of the post-collision products except for
the fact that the &{ atom was no longer in the n=3 level. However,
theoretical predictionsl indicate that nearly all such collisions at
the impact velocities of this experiment result in ionization of the
hydrogen atom.

Various approximation methods have been developed to predict
cross sections for the types of collisions described by equations (1)
and (2). Born's aiproximation is expected to be of satisfactory accu-
racy provided that the impact velocities are sufficiently high. Cal-
culations of this type have been made of the cross sections for capture
of an electron froh a helium atom by a fast proton.2 The hydrogen atoms
formed in these collisions may be in their ground state or in any ex-
cited state. Calculations and measurements have been made by a number
of workers of cros% sections for capture into the ground state and of

31)4'1516’7

the total cross sections for capture into any bound state, for
capture into the 2s and 2p excited states, and for a few other cases.

A listing of measurements of excited state capture cross sections is
provided in Chapter VI. Born approximation calculations have also been
made of the cross section for formation of hydrogen atoms in the 3s,
3p, and 3d states py the impact of protons on helium.2 These cross
sections have been measured previously by other investigators8’9’lo’ll
for a range of impact velocities which is, for the most part, below the

range in which the; Born approximation is valid. The impact velocities

of the present experiment extend into a region where a more significant

test of the theoretical predictions may be made.




It is argued that a detailed comparison of theory and experiment
for the charge transfer formation of specific excited states may be
carried out effectively for only the n=3 level. Measurements for states

12,13,

with n = 6, which have been made by field ionization techniques,
14,15 provide at best a sum of the cross sections for the different
angular momentum states £ and often do not allow resolution of states
with different principal quantum numbers n.l6’17 The features of the
cross section for formation of a particular state nf are frequently
hidden in such a sum, and these experiments have therefore not provided
very sensitive tests of theory. For states having n = 4, the stray
fields commonly encountered in experimental systems are sufficient to
cause Stark mixing of the sublevels, thereby destroying their separate
identity. The formation of the n=2 level has been studied elsewhere
(see Table 6), but the level, of course, includes only two values of £.
It is therefore concluded that the most significant, unambiguous test
of theory must be carried out on the n=3 states.

It should be noted that a successful theoretical prediction
requires both that the wave functions used should be accurate and that
the approximations made in the calculation should be valid. The post-
collision wave functions required in the calculation for electron cap-
ture on a helium target are all hydrogenic; there is no dispute as to
the form of these functions. The prior-collision wave function is that
of the two electron helium atom; the cross section predictions have
been shown to be fairly independent of the form of this function.l8’19

It may be concluded that the comparison of experiment and theory for

this case is a valid test of the theoretical approximation and is not




appreciably influenced by inadequacies of the wave function.

A knowledge of electron capture cross sections is important in
a number of practical situations as, for example, in the design of a
system for controlled fusion of hydrogen nuclei in which the plasma
density is increased by injection of beams of highly excited hydrogen

20,21 These cross sections are also

atoms into the containment device.
relevant to the understanding of certain phenomena observed in natural
auroras and in the complex situations which exist immediately after an
atmospheric nuclear explosion. It was with these applications in mind

that measurements were made with a target of molecular nitrogen in

addition to those made with helium.




CHAPTER IT
EXPERIMENTAL TECHNIQUE

The formation of excited H atoms in the 3s, 3p, and 3d states
is detected by the quantitative measurement of the Balmer alpha photons
emitted as the excited atoms decay to the n=2 level. The Balmer alpha
(Ha) emission is in fact due to three transitions: 3s — 2p, 3p — 2s,
and 3d — 2p. These all emit photons of essentially the same wave-
length and are therefore detected simultaneously. Other means than
spectroscopic separation must be employed if the three contributions to
the Ha emission are to be separately identified.

At the high impact energies utilized in this experiment, the
product of the projectile's velocity and the lifetime of the excited
state is a length comparable with the dimensions of the apparatus.
Therefore, in general, a projectile will move an appreciable distance
from the point where it was excited before emitting a photon and decay-
ing to a lower state. As a result, the intensity of emission from the
projectiles is a function of the position along the flight path at
which the observation is made and also of the lifetime of the emitting
state. Measurement of the spatial variation of this emission intensity
allows the contributions of the 3s, 3p, and 3d states to be separately
identified and the populations of the three emitting states to be

evaluated.

Two experimental arrangements are possible to handle this problem.




In the first, the photon emission from the H atoms is observed as the
beam traverses the target gas. In the second, the beam traverses a

gas cell of definite length where the electron capture occurs, and the
emissions are observed from the H atoms after they emerge from the cell
as they proceed through an evacuated flight tube.

For the present measurements it was decided to study the problem
through the decay of excited projectiles as they traversed the target
gas. This approach is discussed in the following section. The alterna-
tive method involving the observation of decay in an evacuated flight
tube is discussed in the succeeding section in order that a comparison

of the two methods may be made.

Observations in the Target Region

Consider first the experimental arrangement in which measurements
are made of the intensity of photon emission from H atoms as they tra-
verse the target region. Suppose that photons emitted in the decay of
state J to a lower state k are detected. The state j has a life-
time Tj, and the cross section for its formation by the mechanism of
equation (1) is Qj.

Initially the assumptions are made (1) that the population of
state J Dby cascade from higher levels is sufficiently small that it
may be neglected, and (2) that atoms are removed from state j only by
the process of spontaneocus emission. Then the relation between the
population of the upper level J and the desired cross section Qj may

be developed in the following manner.

A current of F projectile ions per second is incident with a




velocity v (cm/sec) on a target which has a number density p (mole-
cules/cc). Let x be distance measured along the beam axis from the
point of entrance to the target region. Let n*j be the number of ex-
cited atoms in state J per unit length along the beam axis. During
time interval dt, the incremental change in n*j from direct collisional

formation and spontaneous radiative decay is given by

dn¥, = F .dt-*.ZA..dt
; P Q; n¥, joi (3)

i<j
Here Aj"'i (sec-l) is the transition probability for spontaneous decay

of the state j to the state i. Since

equation (3) may be rewritten as a function of x instead of time.

dn¥*., F p Q. n*.(x)
Jd J d
dx v V'rj ()4)

If a further assumption is made that the proton beam current F
is not significantly depleted in passing through the target region,

the solution of equation (L) is given by

n*j(x) =Fp Qj T. |1 - e J (5)

All three of the assumptions made in arriving at this result will be

subjected to further scrutiny (see Chapter III).




In general, the state Jj may decay by many paths to lower states

i, only one of which (j — k) is detected experimentally. Therefore,

A,

—k
> A._.
i<y I

the number of photons detected corresponds to the fraction

and this fraction is known as the branching ratio.

Let ij be the number of photons emitted per second in the transition
J = k from a segment of beam path whose center is at x and whose

length is d. ij(x) is then given by

Xt
ij(x) = Aj*k I n*j(x-) dx!' (6)

d
X7

If d is much less than vTj, the approximation may be used that

ij(x) = Aj*k n*j(x) d (7)

The validity of this approximation for the present experiment is demon-
strated in Chapter IV.

A detector which views the segment d of the beam path will pro-
duce a signal proportional to ij(x). If the possibility of an aniso-
troplc radiation pattern 1s, for the moment, ignored, the constant of
proportionality will be the product of two factors: (1) the ratio of
the solid angle w subtended by the detector as seen from the point x
to the total solid angle Wm, and (2) the absolute detection efficiency
of the detector to photons incident upon it from transitions j — k oc-

curring within d.
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It is convenient to define a normalized emission function ij(x)
as the number of photons emitted per second in transition j — k at
position x, per unit length of beam, per unit incident beam flux, per

unit target density.

J.. (%) A.
- _dk 7 7k - - X
G (X) =5 cad - %Y T AL [l exp ( v’r.)] (8)
icy 0 j

Since, in the present experiment, the Balmer alpha emission is due to
three transitions, the observed emission function is a sum of three

terms of the type given in equation (8).

o T o3~ Lo [} - exp (, ;§;>] + I, [} - exp (- ;%:)] (9)
+ I [l-exp(-v—};;)]-;-}{

where
A

J J izj AJ._,i
and a term K, independent of position, has been included to allow for
contributions to the signal from collisionally induced target emission.
The subseripts O, 1, and 2 are used to indicate, respectively, the 3s,
3p, and 3d states. It happens that the 3s and 3d states can decay
spontaneously only by the Balmer alpha transition and therefore the
branching ratio —féiiﬁ_f for these states is unity. For the 3p — 2s
i<y 9
transition, this ratio is 0.118,22 indicating that only 11.8 percent of

the atoms in the 3p state decay by the emission of a Balmer alpha photon,
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the rest by Lyman beta. Equation (9) represents a sum of three terms
which increase exponentially with =x toward an asymptote. Because

the three lifetimes of the states are quite different, it is possible

to compare the measured function Ga(x) with equation (9) and to evaluate
the coefficlents Ij' In this manner, the cross sections for the forma-
tion of the 3s, 3p, and 3d states may be measured using the different

lifetimes to identify the three sublevels.

Observations in an Evacuated Flight Tube

A possible alternative would be to observe the decay of the
population of excited states in the beam after emerging from a gas cell
into an evacuated flight tube. In this case the intensity of emission
from each state will simply decay exponentially with distance along the
flight tube with a decay length characterized by the lifetime of the
excited state. The population of the excited states in the emergent
beam will be a function of the cell length L. The normalized emission
function for the transition j — k expressed in terms of the distance x
beyond the exit from the gas cell may be shown8 to be given by the fol-

lowing equation.

A, -
- a0 —Jdk [ - (_ _L_M (_ L)
ij Qj z A.. 1 SxP VT, exp VT, (10)
i<y It J J

Again the Balmer alpha line is in fact the sum of three contributions

and its normalized emission function can be represented by the equation
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G (x) = Io [} - exp (- —L—)] exp (- —5—) (11)

o4 VTo VTo

L\ X
+1 (1o (- )] e (- =)
L X
* Iz [1 - exp (' ﬁ;‘)] exp (- :ﬂ:)

where Ij has the same significance as before. This equation may be
fitted to the observed emission function and the cross sections
evaluated.

The two experimental configurations are complementary, each having
different advantages and drawbacks. Observations made in the target re-
glon may be subject to interference from collisionally induced target
gas emissions. These will be invariant with beam penetration through
the gas and will require the inclusion of the constant term K in
equation (9). Unless this constant is small in comparison with the
other terms, it is impossible to evaluate the separate 3s, 3p, and 3d
excitation cross sections with any accuracy. In particular, the inter-
esting case of an H2 target becomes quite impossible due to target
emission. The approach of using a cell and an evacuated flight tube
enhances the populations of the short-lived 3p and 3d states relative
to the 3s population, which tends to dominate in the other configura-
tion. This enhancement is possible because the 3p and 3d populations
approach their equilibrium (maximum) values within a short distance
(10 to 20 cm) of the entrance to the target region, whereas the popula-

tion of long-lived 3s state reaches only 10 to 20 percent of its equi-
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librium value in this distance. Cross sections for formation of these
two short-lived states can therefore be more accurately measured.
Within the target region of either experimental configuration, colli-
sions of the type shown in equation (2) will affect the spatial depen-
dence of the population of excited states. However, the use of an
evacuated observation region eliminates the possibility, present with
the first configuration, that collisions of this type can hinder the
analytical separation of the observed Balmer alpha emission into its
three separate contributions by altering the apparent lifetimes of the
exclted states. On the other hand, the gas cell approach requlres care
to ensure that the exit aperture from the cell does not intercept an
appreciable fraction of the scattered projectiles. Furthermore, there
is an uncertainty as to the "thickness" of a gas cell due to pressure
gradients at the two apertures.

It was concluded that both techniques have their disadvantages,
although these can be mitigated by proper tests. Agreement between
data obtained by the two separate methods would give considerable con-
fidence to the validity of experimental measurements. For the purposes
of the present thesis, the method of observation of emission from the

target region was adopted.

Apparatus

The source of incident protons for the present experiment was a
one MeV Van de Graaff positive ion accelerator, which was equipped with
a beam analyzing and stabilizing system. The incident proton energy

was determined to within * 2 keV by deflection through 90° in a regulated
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magnetic field. Beam currents of 0.3 to 3.0 pA were typically employed.
The experimental apparatus is shown schematically in Figure 1 and

photographically in Figure 2. The equipment required for the acquisi-

tion and recording of data is also indicated in the block diagram of
Figure 3.

The incident proton beam was collimated to one-sixteenth inch
diameter by two knife-edged orifices spaced six inches apart. A third
orifice of larger diameter was suitably biased to collect secondary
electrons. A fourth orifice in the form of a short (one-eighth inch)
channel provided the limiting aperture between the collision chamber
and the accelerator to inhibit the loss of target gas from the cell.
This orifice had a diameter such that no particles which had traversed
the first two apertures could be incident upon it, thereby reducing
the possibility of secondary electrons and sputtered material entering
the observation region.

The ion beam was monitored after traversing the collision and
detection region on a deep parallel-plate Faraday cup assembly with an
inclined end (Figure 4). Tests indicated that the application of
suitable biases to parts of the beam collection system (C,D) resulted
in complete suppression of secondary electrons and ions. Ion-beam
currents were measured by an electronic microammeter, whose reading
was transformed into a series of pulses with the aid of a voltage-to-
frequency converter. The pulse frequency was proportional to the inci-
cated current reading, and the pulses could be counted by a scaler for

any desired length of time. This arrangement automatically integrated
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Figure 2.

Photograph of Apparatus.
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the ion current during the period the pulse counter was gated on.

It was possible for particles in the beam to be scattered in
passing through the target by an angle sufficient to prevent their
entrance into the Faraday cup. A simple device allowed this scattered
portion of the beam to be monitored. A plate ('"B", in Figure 4) was
placed just in front of the entrance aperture (C) of the Faraday cup.
The aperture in plate B was slightly the smaller of the two, so that
all beam particles passing through it were certain to enter the Faraday
cup. The current collected by plate B was monitored at all times and
remained below one percent of the current collected by the Faraday cup.
The emission of secondary electrons from B would cause indication of
a current larger than the true scattered current. Therefore, it is
certain that at least 99 percent of the beam was collected.

In addition, a grounded plate (A), having a large hole for the
beam, was placed Jjust in front of B to isolate the electrostatic
fields of the Faraday cup and its associated electrodes from the col-
lision region. Plate A +thus prevented slow ions produced in the
target from being attracted by the negative potentials and prevented
these fields from having any effect on events occurring within the
observation region.

The target gas was passed through a cold trap to remove any
condensable materials and was leaked into the collision chamber. The
purity of the helium used was stated by the manufacturer to be at
least 99.999 percent and of the nitrogen 99.9 percent. The target gas

pressure was monitored continuously by a capacitance manometer which
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had been calibrated against a McLeod gauge (see Chapter IV). The pres-
sure measurement of the manometer was converted into pulses in the same
manner as the indication of beam current. Pressure measurements could
then be recorded by a pulse counter for convenience in data handling.

A window of crown glass in one side of the collision chamber
allowed a view of the entire beam path. The Balmer alpha detector could
be moved along a machined track to measure emission intensity at any
position along a 60 cm length of the flight path. Light emitted from a
short segment of the beam was focussed at infinity by a lens, passed at
normal incidence through an interference filter, and refocussed by a
second lens to form an image of the beam segment on the face of an EMI
9558 photomultiplier tube. A slit placed just in front of the tube's
face limited its view to a six mm segment of the beam. A survey was
made of the point-to-point variations in sensitivity over the face of
the tube, and its orientation was chosen such that the variation in
sensitivity over the exposed portion was less than two percent. - The
photomultiplier was operated in the pulse mode, and its output was fed
through a preamplifier, amplifier, and discriminator and counted by
scaling equipment. Considerable care was taken to set the discriminator
threshold at a level which gave the optimum signal-to-noise ratio. The
photomultiplier was housed in a thermoelectric cooler in order to reduce
its dark current. Typical dark currents amounted to five to 10 percent
of the total pulse count. Tests showed that the dark current was in-
variant with small changes in the photomultiplier's operating tempera-

ture, which was typically -25°C. The dark current was measured frequently
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and appropriate corrections were made in the data. A bellows covered
the window in the collision chamber to prevent the entrance of stray
light, but as an added precaution, the entire room was darkened during
the collection of data. A backdrop covered with a homogeneous black
coating of colloidal graphite was placed at the side of the beam oppo-
site the Balmer alpha detector in order to eliminate the effect of
internal reflections.

The absolute detection efficiency was determined by measurement
of the intensity of emission of the Balmer alpha line from a target of
molecular hydrogen under the impact of protons. The absolute cross
section for this process was measured in an earlier experiment in this

e3

laboratory ~ with the aid of a tungsten filament standard lamp. Any
unintentional loss or gain of light due to reflection, absorption, or
inaccuracies in slit width would have equal effect on the measurement
of fast particle emission and the target emission which was being used
as the transfer standard. Such errors would therefore not affect the
comparison. Errors arising from Doppler effects were considered, and
appropriate corrections were made.

A simple arrangement was devised for electrical measurement of
the position of the detector. This information was also recorded by a
counter for convenience in data handling. A meter stick mounted beside
the detector track provided a reference measurement of position. The
detector was moved by an electric motor drive.

The collision chamber and the differential pumping chamber,

which contained the collimating apsrtures, were constructed of type

304 stainless steel and assembled with Viton O-rings. The collimator,
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Faraday cup, and backdrop assemblies were constructed of brass. The
chambers were pumped separately by oil diffusion pumps equipped with
ligquid nitrogen traps. The oil used in these pumps was Dow-Corning
number 705, which contains no hydrocarbons. The forelines were also
equipped with cold traps to inhibit back-pumping of cracked hydrocarbons
from the mechanical forepumps. Base pressures in the chambers were
about 3 X 107 Torr. With target gas at operating pressure in the
collision chamber, a pressure differential of about 100:1 was main-
tained across the entrance aperture of the collision chamber.

The operation of the entire experiment was, to a great extent,
automated. The large quantity of raw data generated made this almost
a necessity. In each set of data were 50-200 measurements of each of
the following quantities: position of the detector, light intensity,
target gas pressure, accumulated ion current, elapsed time. It was
arranged that all of these quantities could be recorded digitally by
pulse counters. A multiplexer read the counters serially at the end
of each photon count, and the readings were recorded both by a tele-
typewriter and by a paper tape punch attached to it. Information on
the punched tape was reproduced on computer cards by a tape-to-card
converter in a form acceptable to Georgia Tech's Burroughs B-5500 com-
puter. A program was written to calculate Ga(x) at each position x,
to fit the appropriate equation to the reduced data, and to present the
results both digitally and graphically. An example of the graphical
presentation of one data set is shown in Figure 5. The best values of
Iy, I, Iz, and K were determined in the fitting procedure according to
the least squares criterion, and the three electron capture cross sections

were calculated from these coefficients.
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CHAPTER ITI

DETERMINATION OF THE CROSS SECTIONS

The primary objective of the experiment is the measurement of
the cross sections for the formation of the 3s, 3p, and 3d excited
states of H by electron capture. The experimental method involves
first the separation of the Balmer alpha emission by the time-of-flight
technique discussed in Chapter II; second, the measurement of the rela-
tive variation of each component as a function of energy; and third,
the normalization of the data set to a standard of emission in order
to provide absolute cross sections.

Although the techniques to accomplish this, outlined in Chapter
II, are apparently quite simple, there are many second order processes
which tend to distort the measurement. There are additional processes
which populate and depopulate the excited states; these include cas-
cade, collisional destruction, and multiple collisions of projectiles.
There is a possibility that the emission is anisotropic. Doppler
shift of the emission from the projectile results in the effective sen-
sitivity of the optical system exhibiting a dependence on projectile
velocity. The influence of all these processes must be assessed in

order to arrive at the final cross section results.

Measurement and Analysis of the Normalized Emission Function

In order to determine the three charge exchange cross sections

Qas’ QEP’ and Qaa: for a given target and energy, the normalized emission
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function for the Balmer alpha line was measured at many positions x
along the chamber. Initially, attempts were made to analyze the data
according to equation (9). It became immediately clear for targets of
both helium and nitrogen that the cross section for charge exchange
into the 3s state was at least an order of magnitude larger than the

3p and 34 cross sections throughout the range of impact energies uti-
lized, 75 to LOO keV. However, the values of the cross sections ob-
tained by fitting equation (9) to the data suffered a systematic
variation with the density of the target gas, and it appeared that this
occurred as a result of multiple collisions of particles in the beam.

The Influence of Multiple Collisions

In the derivation of equation (9) were several simplifying
assumptions whose validity is subject to question. It was assumed

(1) that atoms were removed from the n=3 states only by the
process of spontaneous radiative emission;

(2) that the proton beam current was not significantly depleted
in passing through the target region;

(3) that contributions to the population of n=3 states by cas-
cade from higher levels were negligible (this assumption does not in-
volve multiple collisions and will be discussed separately (see page
36)).

Collisional Destruction of Excited Atoms. The failure of the

first assumption was apparent from the following observation. At
values of x much larger than both VTap and VToa the contributions to
the Ha emission from the short-lived 3p and 3d states had essentially

reached their equilibrium values. Any variation in photon emission
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Ga(x) with x in this region must have been due to variation of only
the 3s contribution, and equation (9) reduced to

X

-

vT
Ga(x) = Ig \:l - e SS] + I, + I + K (12)

The data consistently showed that as x increased, the 3s contribution
approached its equilibrium value more rapidly than equation (12) pre-
dicted and that the rate of approach increased with target gas density.
This behavior was evidently due to collisional destruction of 3s state
atoms before they decayed by spontaneous emission of a photon.

The collisional destruction of excited atoms (equation (2)) has
the effect of reducing the effective lifetime of the excited state by
the factor (1 + VTin)-l. Again p is the density of the target gas
whereas Qi is the cross section for the destruction process. As a re-
sult it is necessary to alter equation (12) by adding the term in to
the exponent. (The same term must be added to each of the exponents
of equation (9). In addition, there are some corresponding changes to
the factors Iy, I;, and Ip of equations (9) and (12).) If pQ; is much
smaller than l/VT, it may be neglected and the analysis of the experi-
ment is as previously described (equation (9)). In principle, this
can be achieved by making the target density p sufficiently small. In
practice the cross section Qi is very large and it is not possible to
reduce the target density sufficliently to remove the influence of the
destruction process without causing unacceptable reductions in signal

intensity. High statistical accuracy is a necessary requirement for
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the deconvolution of the emission variation into three parts using the
characteristic lifetimes of the three relevant excited states. This
accuracy cannot be achieved with low signal levels.

The process of collisional destruction is a mechanism of some
considerable intrinsic interest. It was decided that the best method
of handling its influence on the present experiments was to measure it
directly.

The collisional destruction cross section Qi may be obtained for
the 3s state by analysis of data for which x 1is sufficiently large
that 3p and 3d contributions to the emission have essentially reached
their equilibrium values. Practically speaking, this means x must
be at least 12 to 25 cm. Neglecting cascade and beam neutralization,

the data should fit an equation of the form

Ga(x) = Iq {1 - exp [- (V'flss + in) x]} + I, + I + K (13)
that is, an exponential rise plus terms invariant with x. Qi may be
determined by adjusting its value to obtain the best possible fit of
equation (13) to the data according to the least squares criterion.

It is interesting to note that, in determining Qi, no calibration

of a detector is required. It is necessary to know only v, Tas’* and p

-1
and to obtain the apparent decay length [v:_' + in] from the data.
3s

*T , the lifetiﬁe of the 3s state of H, is well known from the
theory of>Sthe ® atom,2 and the value has been confirmed experimen-
tally.25’26’27 The value used in the present work was obtained from
reference 22.
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Collisional destruction of atoms in the 3p and 3d states also tends to
accelerate the approach to equilibrium of their populations, but be-
cause these states have much shorter lifetimes, the effect is much
less pronounced.

Beam Neutralization. The failure of assumption (2) concerning

the variation of the proton flux with x was evident from the reduction
in proton flux collected by the Faraday cup when a target gas is intro-
duced into the evacuated collision chamber. Its failure was also ap-
parent from a consideration of the loss and production of protons in

the beam at any point x along the beam axis, where x is the distance
from the entrance aperture of the collision cell. Since the beam flux
is affected principally by two processes, charge transfer and colli-
sional ionization, the change of proton flux in distance dx at x is
given by

an, (x)
—— = - n,(%) o + no(x) op (1%)

n (x) is the number of protons at x per unit length of beam,
no(x) is the number of neutral atoms at x per unit length of
beam, n+(O) - n+(x),
o. is the total stripping cross section for neutral atoms,
o, is the total electron capture cross section for protons,
p 1s the target gas density.

The solution of equation (14) is then given by
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1, (0)
n+(x) = 5 7o, {OS + 0, exp [ - p(OS+OC) x]} (15)
where F
n+(O) = - is the linear density of the incident proton beam.

Calculations based on equation (15) utilizing values of o, and o,
6,7. |

measured by Barnett, et al. indicate that in the present experiment
the proton flux may be reduced in the worst cases by as much as 18 per-
cent in passing through a helium target (1.5 X 10™° Torr at 75 keV im-
pact energy) or as much as 20 percent in a nitrogen target (0.6 X 10 °

Torr at 75 keV).

Excitation of Neutrals. Still another process resulting from

beam neutralization can have a significant effect on the measurements:
collisional excitation of ground state neutrals formed in the beam. It
is difficult to assess the importance of this process because neither
theoretical predictions nor experimental measurements of the pertinent
cross sections have been found in the literature for the present colli-
sion targets, helium and nitrogen. If calculations by Bates and Grif-
fing28 for H(1ls) on H(1ls) can be taken as any indication of the magni-
tudes to be expected, the process may have only a small effect on the
measured emission intensities, but some verification is necessary.

Analysis Employed

A model for the experiment must then account for the following
processes:
(1) charge transfer into the three excited states of interest
B e X o a) + %" £
3s, 3p, or 3 cross sections st’ QBP, Qsd

(collectively referred to as sz);
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(2) spontaneous decay of the excited atoms
*
H (3s, 3p, or 3d) — H(ls, 2s, or 2p) + hv lifetimes T, Tap’
Tgq (collectively Taz);
(3) collisional destruction of the excited atoms
* -
H (3s, 3p, or 3d) + X » H(n # 3) + X cross sections Q, .,

438

Q ) Qs

i,0p" %84 (collectively Qi,sz)5

(4) attenuation of the proton beam
+ +
H +Xx-H +X cross section O,
0 + .
H +X~-H +e+X cross section Os
resulting in a proton density given by equation (15) and a neutral atom

density given by

0)
no(x) = o +o
s ¢

T {l - exp [~ p(cS + cc) x ]} (16)

(5) excitation of the neutral component of the beam to the ex-
cited states of interest
o * .
H +X —H (3s, 3p, or 3d) + X cross sections Qx,as’ Qx,ap’
).

Q (collectively Q

x,3d X,3 4
The differential equation governing the linear density of excited

atoms in the 3s state, n*ss, is given by

———ai—-_ _ n*ss(x) (Vj_ + in,Ss) + n+(X) pQ  * no(x) pr,ss (17)

Similar equations can be written for the 3p and 3d populations. Using

equations (15) and (16) for n+(x) and nb(x), the solution of (17) is
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n+(0) P { Ol s * Och,ss N % (Qbs ) Qx,ss)
- < —1_

i,3s VT, g

(18)

- +
+ P8y o~ Plogray)

33

1
y [; ) e_(;?__ * in,as)X] - — o, (g - Qxlgs)

— + - +
VTSS in,as p(Gs Gc)

oo )

Populations of the 3p and 3d states are given by similar equa-
tions with "3s" replaced by "3p" and "3d". The equation for total
photon emission including a position-independent contribution from the

target or background gas is

To(x) = by pp wo (3) + Ay, ¥y (%) (19)
+ A3d~2p n*Bd(x)} d + K7 pd
and
2 g
41 1 s
Go(*x) = 7 o 5o 5}{2 By gp g Q3/z[ il (20)
s el R TR
)

34

c
cC

T ] * Qx,az %

VT, * in,az - p(°é+oc)

(continued)
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x[ll T - :l

Ay 5y - Plog*o,)

(== 2 -
% [1 e <VT13£ +pQ-i’3 ﬁ)X:' c [2‘ A ( Q.3£ Q‘X,sz
) £ s ¢

-p({o_+o )x
x[l—e S C:I}+K

Equation (20) replaces equation (9) as a description of the experiment.
Note that the three exponential terms of equation (9) have remained ex-
cept that each decay length vT has been replaced by (é? + in)_l and
the expressions corresponding to [y, I, and Iz have become more compli-
cated. Also a fourth exponential term has appeared. Equation (9) ex-
presses the limiting value of Ga(x) as p the target gas density
approaches zero.

The unknown quentities in equation (20) are:

(a) the cross sections for charge exchange into n=3 states Qbs’

Qsp’ and Q5d5

(b) the cross sections for collisional destruction of n=3 state

atoms Qi s, Q.

and Q
’ .
»38 i,ap i

5
sad

(c) the cross sections for excitation of ground state neutrals

into n=3 states QX aq? Q , and QX
b

87 X,3p ,3d’

(d) a term to allow for collisionally induced target emission, K.

In principle, it is possible to analyze data of Ga(x) versus X according
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to an equation of the form of equation (20) to obtain coefficients of
the four exponentials, the constant K, and, by treating the lifetimes

of the exponentials as unknowns, the three cross sections Qi,az'
Variations with p in the values of the coefficients could be used to
determine the Qaz and Qx,az . However, the accuracy and reproducibility
of the data are not nearly sufficient to obtain a reliable fit with such
a large number of parameters. The statistical uncertainties obtainable
in practical counting times render such a complex analysis hopeless.

In order to obtain useful information from the experiment, a
substantial reduction must be made in the number of unknowns to be
determined by analysis of the data. This may be done either by the
elimination of parameters from the analysis through the use of relation-
ships among them, or by altering the experimental conditions (e.g.,
reducing the target gas density) so that a simpler model describes
adequately the operation of the experiment.

The cross sections st’ Qsp’ and de clearly cannot be eliminated
from equation (20) since their determination is the primary purpose of
the experiment.

K can, in principle, be measured separately by allowing the de-
tector to view the emission at such an angle to the beam that emissions
from the fast atoms are Doppler shifted out of the band of wavelengths
detected. Instrumental difficulties have rendered this approach imprac-
tical. However, in this experiment K is quite small and its presence
is not a serious handicap to the analysis. It has been retained in the

equation and is determined by analysis of the data.
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1 . .
Bates and Walker predict that the cross sections Qi,as’ Qi,ap’
and Qi ag are approximately equal. Collisional destruction has a sub-
2
stantial effect on the apparent decay length of the 3s state, and it is

possible to measure Qi ag’ Note, however, that the destruction cross
5

sections appear in equation (20) only in the sums +PQy g Al-
3
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though the data indicate that in as is comparable in magnitude to vj- ,
b 3s

the term appears to be much smaller than VTl and vj- . Moderate errors
3p 3d

in Q. and Q. therefore have little effect on the analysis of data
1,3p i,3d

for other unknowns. This is a further justification for replacing Qi ap
3

and Qi as Bates and Walker suggest. These three cross sec-

,3d R Q':'L,:as
tions will henceforth be denoted simply as Qi.

The determination of the cross sections Qx,az presents a difficult
problem. In principle, the coefficients of the first three exponentials
in equation (20) could be found for two values of p, and two simultane-
ous equations could be solved for each pair of cross sections Qsz and
Qx,sz' The accuracy of the data is not sufficient to allow this.

The literature apparently does not contain measurements or pre-
dictions of Qx,SS for targets of helium or nitrogen in the energy range
of the present experiment. It is possible, however, to assess by an
auxiliary experiment described in the following section the effect of
neglecting both the last term of equation (20), and the terms containing
Qx,sz in the coefficients of the first three exponentials. The auxiliary
experiment showed that these terms are not significant to the mathemati-

cal description of the principal experiment. The data were therefore

analyzed according to equation (21) which omits these terms,
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1 1

~(== + pQ;)x ~(==— + pQ,)x

Ga(x) = {Io [} - e Tag * ] + Il[} -e "Map + ] (21)

1

-( + pQ,)x

+Ia[l-eVT3d 1]+K
where
V- Y ) WO . %
4 v(Gercc) oy PQ. + pQ, - p(o_+o )

VTa g 1 vy, i s ¢

(4=0 for 3s state, £=1 for 3p state, and 4=2 for 3d state)
to determine values of Qbs’ pr, Qad’ K, and Qi.

An additional argument is presented in Appendix IT which makes
plausible on other grounds the negligibility of these terms containing

U348

Checks on the Adequacy of the Analysis

A calculation based on equation (20), utilizing estimated values
of the unmeasured cross sections, has shown that the normalized Balmer
alpha emission function, Ga(x), varies almost linearly with target den-
sity at any given position x, for target pressures of a few microns or
less. Therefore, measurements of Ga(x) can be made at several values of
p and at two values of x chosen to be sufficiently large that contri-
butions to the HQ emissioen intensity from p and d states have essen-
tially reached their asymptotic values, and the value of

£im G (x) = 1 fim (igifl)
p~o o Fd p~o p
can then be obtained by extrapolating linearly to zero pressure at each

position, x. Taking the limit as p~o of equation (20) for x in the
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range described above yields

X
Lim _ B vT ] '
0o Ga(x) = Qg [1 -e 3s |+ K (22)
where
K' = A3P_QS Tquap +Q4 +K (23)

Values of Qas and K' can be obtained from two equations at the two dif-
ferent values of x. Measurements of QSS and K' made in this way by
extrapolation to zero target density agree well with the values obtained
from data at finite pressures and analyzed according to equation (21).
This agreement demonstrates that the approximations required to obtain

equation (21) are justified.

Assessment of Cascade

In addition to direct collisional excitation, the 3s, 3p, and 3d
states may also be populated by cascade from higher levels. This fact
has two important consequences. First, the measured cross section will
then not represent only the formatlon of the state by collision but will
include a component due to cascade. Secondly, and perhaps more impor-
tant, the dependence of emission intensity on distance will be differ-
ent for atoms formed in n=3 states through cascade than for atoms
formed directly. The cascade population will be dependent on both the
lifetime of the parent level of the cascade transition and also the life-~
time of the n=3 state that is populated. This second problem might
invalidate the analysis of the separate cross sections which uses a de-
convolution technique based on the assumed values of 3s, 3p, and 3d

state lifetimes.
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The population of higher n states may be estimated by taking
the present measurements of the 3s, 3p, and 3d state cross sections and
scaling them to higher n states assuming that cross sections for a
given angular momentum substate decrease as n ®. This general rule is

well establishea=?’ 30

by theory and serves well for an approximate
assessment of the problem. Because of the branching ratios for decay
of higher states, the population of the n=3 level by cascade from
higher np and nd states is very small and will influence the data
by an amount that is smaller than the statistical reproducibility of
the measurements. There is no method by which one can reasonably esti-
mate the population of higher nf states. However, all theoretical
predictions suggest that it is far less than for the corresponding nd
state. Therefore, it too will be neglected. The only cascade contri-
bution of any significance is from the ns states into the 3p level.

The U4s state is the largest cascade contributor to the Balmer
alpha emission both because the cross section for its formation is
larger than for any other cascade contributor and because the fraction
of the Us population decaying into the 3p (42 percent)22 is larger than
for any other contributor. The linear density n*hs*3p(x) of the 3p

state due to cascade from the Us state is given by

* = (3)3
n hs*3p(x) (2)7 Q5 Ahs*3p T,s PT Tap (2k)
- X - X -
X ;__};__. e VTap + ?——l——— e Tag +1
45 _ 4 2R 1
T T
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where (2)® Qg is the estimated cross section for formation of atoms

in the Ls state.

Except at small x where the population vanishes asymptotically,

X
vT

(x) varies approximately as 1 - exp (- ), the manner charac-

n*
Ys—3p s

teristic of the long-lived Us state population. (7T, = 226.6 nsec,

as
Tap = 5.273 nsec.)22 An estimate of the intensity of Balmer alpha
emigsion due to L4s—3p cascade may be made with the help of equation
(24). Expressed as a percentage of the emission from atoms formed by
capture directly into the 3s state, this intensity varies from zero at
small x to 1.6 percent at the largest x observable in the present
apparatus (at 75 keV, where this problem is at its worst), and, in
principle, to 2.1 percent at x sufficiently large for the populations
to reach equilibrium values. Balmer alpha emission due to cascade from
the 55 state, expressed in the same way varies from zero at small x
to 0.5 percent at the largest x observable in this apparatus, asymp-
totically to 0.8 percent as x—®. From 6s, the figures are zero, 0.2
percent, to O.4 percent. Summing the contributions for all n at the
largest observable x gives a total estimated contribution only about
2.5 percent as large as the emission from the 3s state.

When a term allowing for the estimated L4s cascade contribution
to the 3p population is added to equation (21), the value of Q, ¢ ob-
tained from analysis of data is reduced by about 1.5 percent. The other
cross sections (including Qi) are not affected. Since at the energies

3

of this experiment the n ° rule is only an estimate (although measure-

ments by Hughes, et al.3l

of Qbs and Q4s near 100 keV tend to confirm
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it), no cascade correction is applied to the data. However, the rule
does allow an estimate to be made of the uncertainty in the cross section
measurements due to this source. This error is evaluated in Chapter IV

and proves to be rather small in comparison with other known errors.

Effects of Polarization

Emigsion from the 3p and 3d states may exhibit polarization. The
polarization fraction is related tc the population of the different mag-
netic quantum number sub-levels, and is zero if these levels are all
equally populated. It may be shown that the collisionally induced
emission will be anisotropic if polarization is present. A measurement
of emission at one angle does not allow the determination of a cross
section unless correction is made for this anisotropy.

Much of the research discussed in this report has been directed
at the 3s-2p emission which is unpolarized and therefore emitted iso-
tropically. No attempt has been made to measure polarization for the
3pr2s and 3d°2p emissions. Because of the small signal intensity from
these states the statistical accuracy would be so poor as to render the
measurement meaningless. Consequently, it is not known whether the
emissions are isotropic. However, upper and lower bounds can be placed
on the degree of polarization possible in these emissions, and a full
discussion of the resulting uncertainties in the 3p and 3d capture cross
sections is presented in Chapter IV.

It should be noted that any polarization which may exist in the
p and d state radiations can have no effect on the separation of the

contributions of the three parent states to the detected radiation.
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The neglect of an anisotropic radiation pattern will, however, cause
error in the values of the 3p and 3d capture cross sections interpreted
from these contributions. If the polarization of these emissions varies
with energy, its neglect will result in error in the energy dependence
of the p and d cross sections. This error is evaluated in Chapter
IV and its largest possible value is shown to be small compared with

other uncertainties.

Stark Effect Mixing

The experiment is designed to determine cross sections for the
formation of the 3s, 3p, and 3d states using the lifetimes of these
states for identification. However, if an electric field is applied to
the excited atoms, the energy levels will be perturbed by the Stark
effect, and "mixing" of certain states will cause changes in the effec-
tive lifetimes of the excited states.Zh There is a danger that stray
fields in the apparatus may cause this effect.

The states which are most vulnerable to mixing are those having
the same value of the total angular momentum quantum number, j. For
the n=3 level, the critical fields, i.e., the minimum fields which will
cause full mixing, are 58 Volts/cm for the 35% and 3p% states and 1.9

volts/cm for the 3pa and 3@3 states.eh

2
Clearly, the weak field Stark effect may distort the operation of

the experiment. It would be impossible to correct the data for the ef-
fects of substantial stray fields since they would probably vary in

space and time. In principle, it would be possible to design a field-

free experiment, but this would entail a considerable increase in com-
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plexity. Instead, some simple precautions were taken to reduce the
possibility of Stark mixing, and a test was made to determine whether
mixing was affecting the experiment.

The collimation system was designed so that the beam could not
strike any part of the gas cell aperture as it entered the target re-
gion. (Hughes, et al. reported inconsistencies in their early re-

8,9

sults because of the lack of such a precaution.) The only surfaces
exposed to the beam were clean, conducting surfaces, so that accumula-
tion of a static charge was unlikely. The window through which the Ha
radiation was observed was an exception to this statement, but it was
located at the largest practicable distance from the beam.

Finally, Stark plates were installed in the observation region
so that electric fields could be intentionally applied to the beam.
The application of these fields showed that the 3s state was not af-
fected by any fields which might conceivably exist in the apparatus.
It was not possible to prove conclusively that the 3p and 3d states,
which made only small contributions to the total Ha emission, were com-
pletely free from mixing because the data were subject to random fluc-
tuations from other sources. However, there was no detectable evidence
that these states were mixed by fields which existed in the apparatus,
and it will be assumed in the presentation of data that there was no

mixing.

Assessment of the Effect of Doppler Shift on the

Sensitivity of the Optical System

The arrangement of the detector of Balmer alpha (Ha) photons is

indicated in Figure 1. Light emitted within-a 12° cone centered at 90°




42

to the beam axis is focused at infinity by a lens, filtered by an Ha
interference filter having either a 12 Aora 30 A full width at half
maximum, focused by a second lens to form an image of the beam on the
cathode of an EMI 9558 photomultiplier tube. A mask restricts the
photomultiplier's view to a six mm length of beam. This length is
sufficiently short to insure that no significant error is introduced
by assuming that the emission intensity per unit length of beam at the
point of intersection of the beam axis and the optical axis of the de-
tector assembly is the observed intensity divided by the length of beam
within view.

The high velocity of the radiating hydrogen atoms (0.012 ¢ to
0.03 ¢ for 75 to 400 keV energies where c¢ is the velocity of light)
causes significant Doppler shifts in the wavelength of the observed
radiation. Although the optical axis of the detector is at 90° to the
beam axis, the finite aperture of the optical system admits radiation
emitted at angles from 78° to 102° to the beam axis. The increase in
wavelength of Ha radiation observed at exactly 90° to the beam axis due
to relativistic time dilation varies from 0.5 A at 75 keV to 2.1 i at
400 keV, and the Doppler spread of emissions accepted by the finite
aperture ranges from 3L A at 75 keV to 80 A at LOO keV.

Because the Doppler shifts vary with the velocity of the emitting
particle, the effective sensitivity of the detector varies with the im-
pact energy of the incident protons. It should be emphasized that this
dependence has no effect on measurements of the relative magnitudes of
QS

g Qsp, and de at a given energy, but it will affect the apparent

dependence on energy of these cross sections. The following technique
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has been developed to correct for this variation in sensitivity.
Consider Ha radiation emitted at an angle 6 to the beam by a
hydrogen atom at point P (Figure 6).
Let E(v,8) be the H, emission per unit solid angle at 9, per
unit length of beam for incident particles having velocity v.
E(v,8)dw is then the emission into solid angle dw per unit
length of the beam.

JE(v,e)dw is the total emission per unit length of beam path.
w

Neglecting polarization, E(v,8) is independent of © and may be

written as E(v), but the observed wavelength A varies with © as

where Ao = 6562.8 4, the H,, wavelength.
Let T(8) be the transmitténce per unit solid angle of the lens system
(excluding the filter) to light of the H  wavelength emitted at an
angle © to the beam. For the small range of wavelengths passed by the
filter, T(6) can be assumed independent of wavelength.
Let t(A) be the transmittance of the filter to normally incident light
of wavelength A.
Let D(A) be the detection efficiency of the photomultiplier to light of
wavelength A.

The signal (photomultiplier output) per unit length of beam due

to photons passing through solid angle dw located at angle € is then

ds = E(v) T(®) t(x) D(A) dw (26)
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Integrating over the entire optical aperture

s(v) = | B(v) ©(8) [A(v,6)] DA(v,8)] aw (27)

where, in accordance with equation (25), A = A(v,0).

Filter transmittance t(A) has been measured with the aid of broad band
light source and a Jarrell-Ash 0.5 meter Ebert-Fastie spectrometer.
Wavelength calibration of the spectrometer was accomplished with the
aid of a hydrogen arc lamp, which emits a strong Balmer alpha line.

The variation in D(A) from its value at the H, wavelength is only
about * 4 percent over the wavelength range of interest and is approxi-
mately linear, according to the manufacturer. For the present purposes,
D(6562.8 &) may be arbitrarily set equal to unity, and the manufacturer's
data used to estimate its dependence on A. Small errors in estimating
this dependence will not have a significant effect on the results.

T(8) at the H, wavelength has been measured in the following way.
The circular aperture of the optical system has been divided into eleven
parts by ten equally spaced imaginary chords perpendicular to the ion
beam direction (Figure 7). A diaphragm having a long rectangular aper-
ture was placed between the lenses to stop all light except that passing
between adjacent chords. In this way, only the light emitted within a
small range of angles © was admitted to the detector. jT(S)dw has been
measured for each of the eleven parts, using as an emission source the
Ha radiation from a molecular hydrogen target under the impact of 150
keV protons. The reaction making the principal contribution to the Ha

radiation was the dissociative excitation of the target:




H +H, ~H + H (n=3) + H (28)

Since the emitting particles were formed from the target molecules, they
had low velocities and the wavelength of radiation was independent of ©.
Emission from fast H atoms formed by electron capture into the n=3 states
was of negligible intensity compared to the target emission. Eleven
values of W, = JkT(B)dw were thereby measuﬁid for the eleven parts of

the aperture. If Wk is normalized so that E: Wk = 1, then W, becomes,
k=1

k
in effect, the fraction of the optical aperture represented by part k.
© is not exactly constant along each chord since the locus of
points forming the intersection of a cone of constant © with the plane
of the aperture is actually a hyperbola, but within the area defined by
the circular aperture, the error (less than 0.2° in ©) in approximating
the hyperbolae by the chords causes negligible error in the results.

The signal ASk due to photons passing through the kth part of

the aperture is, then

48, = E(v) W, t(h) D(A,) (29)

where Kk = k(v,ek), , (30)
Bk representing the mean valve of © in segment k.

Let t(A) = t(Xo) a(A) = too(R) (31)

and D(A) = D(Xo) B(A) = DoB(R) (32)

where o and B now represent only the variations in t and D from

their values to and Dy for A = Ap-

Then 4, = E(v) W_ toDo a(r) B(A) (33)
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The total signal is S(v) = E:ASk. (3k)

The efficiency T of the detector may be defined as

100 = < tong ) 1) ah) B (35)
k

Two Ha filters have been used in the measurements and their
transmission characteristics are shown in Figure 8. T(v) has been ar-
bitrarily normalized to a value of unity for the narrower filter for
v=0, and the function is given for each of the filters in Figure O.

In order to test the validity of the foregoing procedures,
direct measurements of the eleven values of ASk were made. Ha emission
was produced through electron capture by 150 keV protons incident on a
target of helium. The signal from this source was measured for each of
the eleven segments of the optical aperture. Satisfactory agreement

was obtained with the calculations of equation (29).

Calibration
Absolute calibration of the measured cross sections has been
accomplished by comparison of Ha emission intensities obtained from the
charge exchange process with those obtained from the dissociative exci-

tation of molecular hydrogen:

Ky =B (e3) 4 R (36)

The absolute cross section for emission of the Ha line in this reaction

23

was measured previously ~ in this laboratory and has been used as a

transfer standard. The emitting atoms in this process have low velocities,
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and since Doppler effects in this case are negligible, the expression

for the efficiency of the detector reduces to

10) = toDo ) T(8,) (37)
k
In determining absolute charge exchange cross sections for par-
ticles traveling with velocity v, only these ratios of detector effi-
ciency are required:

2 2(8,) aliy) B0

T g = 3 T(ek) (38)
k

to and Dy drop out of the ratio, and only the variations of t and D

with wavelength enter into the calculation.
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CHAPTER IV

EXPERIMENTAT, UNCERTAINTY

Three distinct types of possible error produce uncertainty in
the present measurements. Uncertainties of a statistical nature are
inherent in microscopic physical processes, and such errors scatter
the measured values randomly about the true values. Other random

variations in the apparatus produce a similar scatter of the measured

values of cross sections, but those of a systematic nature may cause

errors in one direction only.

Statistical Fluctuations and Other Random Variations

The rates at which events occur on an atomic scale fluctuate in
a manner beyond the control of any experiment. As the number of events
in an observation increases, the relative size of these fluctuations,
from one observation to another, decreases and the observed rate ap-
proaches a long-term average. The effect of these statistical fluctua-
tions on a given observation could, in principle, be reduced to insig-
nificance by making observations over a sufficiently long period of
time. However, practical limitations are imposed by the long-term
stability of measuring instruments, particularly those in which continu-
ous variables are processed electronically.

Several microscopic processes occurred in the present experiment
and were responsible for random variations in the measurement of each

cross section. Such processes were the initial formation of excited H
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atoms, the subsequent spontaneous decay or collisional destruction of
the excited atoms, the detection of emitted photons by the photomulti-
plier tube with the generation of detectable output pulses, and the
spontaneous generation of spurious 'dark current' pulses within the
photomultiplier itself.

In addition to the fluctuations in rates of these microscopic
processes, the data were affected by fluctuations in the measuring de-
vices: drifts of the zero point and sensitivity of the pressure sensor,
the beam current sensor and the detector's position sensor, and short-
term variations in the sensitivity of the photon detector. These errors
were treated as random rather than systematic because the directions of
the drifts (which were small and were corrected frequently during the
collection of each set of data) appeared to be random in direction and
therefore had a random effect in scattering the individual data points.
A practical way of relating the combined effect of these random varia-
tions and statistical fluctuations to variations in the resulting cross
sections is to note the degree of reproducibility of the cross section
measurements from one set of data to another.

Random Uncertainty in the Collisional Destruction Cross Sections

Measurements of Qi were made by fitting an equation of the form

G (%) = Io \:1 - e-("_Ts; ' in)X:l

+ K' (39)
to a set of measured values of Ga(x), adjusting the values of Ig, Qi,
and K' to obtain the best fit according to the least squares criterion.

K' corresponds to I; + Iz + K of equation (13)(see page 27).
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Data were restricted to that region of x where contributions to the
Balmer alpha emission from the short-lived 3p and 3d states had essen-
tially reached their asymptotic values. Any change in emission inten-
sity with position was then due to a change in the intensity of only
the 3s state emission, and the fitting procedure determined the effec-
tive decay length for this state (l/VTSS + in)'l. An uncertainty in
a measurement of this length resulted in an uncertainty in Qi magnified
by the ratio of l/V'r3S + in to in. The larger in could be made in
comparison to l/VTss, the more accurate was the measurement of Qi' For
this reason, greater reliance has been placed on the measurements of Qi
made at the higher target densities.

If the assumption is made, following Bates and Walker's sugges-
tion,l that Qi is essentially independent of the angular momentum guantum
number, 4, then Qi may be determined by an alternative analysis of the

data. Data for Ga(x) may be fitted to an equation of the form

where Ip, I, Iz, K, and Qi are treated as unknowns. No restrictions
need be placed on the range of x for which data are taken. Satisfac-
tory agreement was obtained between values of Qi determined in this way
and those determined by the previous method, except at energies above
200 keV for a target of helium; under these conditions, Qi is compara-

tively small, and the statistical scatter in the data caused a large
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scatter in the determinations of Qi.

Greater reliance has been placed on the determinations of Qi
made using equation (39) because the untested assumption concerning
the dependence of Qi on £ is not required.

The values of Qi indicated in Figures 16 and 17 (see Chapter V)
were determined by passing a smooth curve through weighted averages of
the determinations made using equation (39). The set of error limits
shown in Table 1 include all but one of those determinations and are

indicated on the figures by error bars.

Table 1. Random Uncertainty in Qi

Tmpact Energy for a Helium Target for a Nitrogen Target
75 - 125 keV + Log + Lo
150 - 168 keV t 659 t LO%
_ . +150%
200 - L4OO keV + 70% 609,

Random Uncertainty in the Electron Capture Cross Sections

Measurements of st in helium made at two or three different
pressures (within the range of 1 to 3 X 10 2 Torr) remained within four
percent of the mean in all cases but one. For nitrogen, the extreme
values of Q, (made within the pressure range of 2 to 6 X 10 Torr) were
no more than 12 percent from the mean at all energies except the two
highest, for which weak signals produced an unusually large scatter in

the raw data.
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In some of the results there appeared the suggestion of a weak
dependence on p of the measured values of st' If the trend is real,
it could result from the neglect of the excitation of ground state
neutral atoms formed in the beam. Since the variations which suggested
this dependence were no larger than the random fluctuations in the data,
it is impossible to attach any significance to this observation. It
did, however, serve to suggest the need for a test of the adequacy of
the equation used to analyze the data.

To perform this test, several measurements of Q,as were made by
determining experimentally iig Ga(x) in the manner described on page
35. Values of st obtained from these extrapolations were free of any
effects of the excitation of neutrals in the beam and free as well of
the effects of collisional destruction of excited atoms. These deter-
minations of st agreed well with the mean values obtained from the
scans made at finite pressures. This fact confirms that the measure-
ments of Qas obtained from scans at finite pressures were not affected
significantly by the neglect of neutral excitation or by errors in Qi'

An uncertainty in Qi, or, more precisely, an uncertainty in the
effective decay length (l/vT + in)_l, does, of course, cause an asso-
ciated uncertainty in the corresponding value of the capture cross sec-
tion. However, the same random variations which produce uncertainties
in the effective decay lengths produce the random variations in the
measurements of the capture cross sections. Therefore, this source of
uncertainty in decay length should not be considered an independent

cause of uncertainty in Qes’ Qsp, and Qsd‘
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Systematic Errors

Systematic Error in Target Gas Density

The density of the target gas was determined by measuring its
pressure with a capacitance manometer. The temperature of the gas was
assumed to be that of the collision chamber. Thermal equilibrium was
assured because the construction of the tube through which the target
gas passed upon entering the collision chamber required that each mole-
cule make several collisions with its walls after expansion through the
inlet valve.

The capacitance manometer was calibrated against a trapped Mcleod
gauge. Since the response of the capacitance manometer is independent
of the nature of the gas whose pressure is being measured, the calibra-
tion was done with hydrogen in order that the error in the McLeod read-

ings due to the Ishii effect32’33

be at a minimum. The McLeod gauge
was operated first at room temperature and then at about -10°C to reduce
the streaming of mercury into the trap. A correction was made in the
latter case for thermal tra.nspi:r'ation?’br regsulting from the difference
in temperature between the pressure vessel and the refrigerated McLeod
gauge. The sensing head of the capacitance manometer was usually
operated at an elevated temperature, and the thermal transpiration result-
ing from this temperature gradient was also taken into account.

It is estimated that the uncertainty in target density during
the experiment was no more than * 6 percent for pressures exceeding

4 x 107* Torr and no more than * 8 percent for pressures below L4 x 10 *

Torr.
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Systematic Error in Impact Velocity

The uncertainty in v, the projectile velocity, resulting from
an estimated * 2 keV uncertainty in the energy of the projectiles
entering the collision chamber is no more than * 1.3 percent at 75 keV,
decreasing to £ 0.5 percent for energies above 200 keV.

Systematic Error in Beam Current

Error in the measurement of the proton beam current which enters
the collision chamber can be classified as follows:

(1) error originating in the collection of the beam,

(2) error in the current measuring device,

(3) inaccurate assessment of the effects of beam neutralization.

The ion beam was collected by a Faraday cup, which has been de-
scribed in Chapter II. Tests indicated that the biases applied to the
beam-collection system resulted in complete suppression of secondary
electrons and ions. Less than one percent of the beam was scattered in
passing through the collision chamber by such an angle that it did not
enter the Faraday cup. This fact was demonstrated by the device already
described for monitoring the scattered beam. It is therefore certain
that at least 99 percent of the ion beam was collected (see page 19).

The collected current was monitored by a Keithley micro-microam-
meter, which was calibrated against an accurate current source. Error
in the ammeter was estimated to be no more than * 2 percent.

The analysis of data required a knowledge of the beam current
entering the collision chamber. Because a portion of the beam was
neutralized in passing through the target, a correction was necessary

in order to obtain this initial current from the collected current. The
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relevant total cross sections for charge transfer (GC) and stripping

6,7

(GS) have been measured by Barnett, et al. with uncertainties of

* 15 percent and * 10 percent, respectively. The uncertainty in the
beam current correction resulting from these uncertainties and the un-
certainty in the target density was * 3 percent for helium,i:h percent
for nitrogen in the worst cases (75 keV, highest p), and dropped
rapidly with increasing energy to less than * 1 percent for energies
of 150 keV or more.

The total uncertainties in the capture cross sections due to

possible errors in beam measurement are given in Table 2.

Table 2. Uncertainty in the Capture Cross Sections
Due to Uncertainty in the Beam Current

Impact Energy for a Helium Target for a Nitrogen Target
75 - 125 keV + 5% + 6%
-6 - 7
150 - L00 keV + 3% + 3%
- Ig - Ig

The effects of errors in O and o, are not confined to the correc-
tion in beam current since these cross sections appear elsewhere in equa-
tion (21) used for analyzing data. However, these terms appear in both
the numerator and the denominator, and errors in their values tend to
cancel. The resulting uncertainties in capture cross sections are only
about * 1 percent at low energies and are negligible for energies of 150

keV or more.
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Systematic Error from Doppler Effects

Because of Doppler effects, the apparent sensitivity of the Balmer
alpha photon detector was a function of the velocity of the emitting
particles, and the variation of sensitivity was determined in the manner
described on page 41. The uncertainty in signal strength, and therefore
in the capture cross section values, due to possible error in the correc-

tion for this effect is estimated in the following table.

Table 3. Uncertainty in the Capture Cross Sections
Due to Uncertainty in the Correction for
Doppler Effects

Impact Energy Helium Nitrogen
75 - 150 keV * 1.3% * 1.3%
168 - L0O keV + 1.3% t 3.3%

Systematic Error Due to the Finite Observation Length, d

Although the view of the photomultiplier tube included a six mm
length of beam, it was assumed in analyzing the data that the observed
signal strength was that appropriate to the center point of the portion
of the beam within view. The error due to this assumption was always
less than 0.2 percent--almost always much less--and is therefore con-
sidered negligible. Any inaccuracy which may have existed in measure-
ment of the slit width did not produce error in measurements of the
cross sections, since the detector was calibrated by a comparison

method (see page 21).
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Systematic Error Due to Variations in Sensitivity Over the Photomulti-

plier Face

Because of the slight divergence of the beam as it penetrated
the target and because of the possibility of a slight misalignment be-
tween the beam and the track along which the photomultiplier traveled,
it was necessary to insure that the sensitivity of the photomultiplier
tube was constant over the exposed portion of its face. Tests revealed
that, if the tube was suitably masked and properly oriented, the varia-

tions in sensitivity of its exposed face were no more than two percent

from one extreme to the other. Appropriate precautions were taken, and
tests in situ indicated that the error in the cross section measurements
from this source was probably less than * 2 percent.

Systematic Error in the Boundary of the Target Region

Because of the continuous effusion of gas out of the beam inlet
hole, the target region cannot be said to have a sharp boundary. How-
ever, the escaping gas was pumped away rapidly (the pressure dropped by
a factor of about 100 within a few millimeters), and an effective bound-
ary plane could be established. Its position was determined in two ways:
from a calculated density profile of the gas in the boundary region and
by an experimental method. The density profile was determined theoreti-
cally for the geometry of this experiment on the assumption of molecular
flow conditions, and the location of an effective boundary was calculated
on the basis of this profile. The effective boundary was located experi-
mentally by extrapolating a graph of qyemission intensity versus target
penetration to zero intensity. When an H * beam was substituted for the

2

proton beam, it was observed that, at small x, the intensity of Ha
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emission increased much more rapidly with target penetration, apparently
because a larger proportion of atoms was formed in the 3p and 3d ex-
cited states. Because of the steeper slope, the extrapolation could be
made with less uncertainty in x than was possible with the use of a
proton beam. Measurements made under different conditions varied:.no
more than 0.8 mm from the mean or from the position calculated from the
gas density profile. It is therefore estimated that the error in posi-
tion of this effective boundary is less than * one mm, and the resulting

uncertainty in the cross sections is as shown in Table k.

Table 4. Uncertainty in the Capture Cross Sections Due to
Uncertainty in the Boundary of the Target Region

Impact Energy %s %P %d
75 - 168 keV * 0.2% + 59 + 29
200 - L0O keV * 0.1% + 3% + 19

Systematic Error Due to Polarization

If the radiation emitted from a source is polarized, the radia-
tion is not emitted isotropically. Since no meaningful polarization
measurements could be made in the present experiment, it is not possible
to correct for any anisotropy in the radiation pattern. However, an
assessment of the maximum possible error resulting from the assumption
of an isotropic pattern can be made.

Polarization is defined as
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I, - I
P (11)

I" + IL
where I, and I, are the intensities of the radiations having their elec-
tric vectors respectively parallel to and perpendicular to the beam
direction, provided that the direction of observation is perpendicular
to the beam. For an observation made in this direction the true cross

section QT is related to the apparent cross section QA by the equation

ap = A5, (k2)

Radiation from H atoms in an s state is unpolarized and is therefore
emitted isotropically. No error results in st from this source. How-
ever, radiation from atoms in p and d states will, in general, be
polarized.

The polarization of radiation from H atoms has been treated ex-
tensively by Percival and Seaton.35 Their expression for the polariza-
tion of 2p~ls radiation (which holds approximately for 3p—~2s radia-

tion36) is

Qo = @
P= L
2.375 Qo + 3.789 G (43)
where Qqo and Q; are, respectively, the cross sections for populating
the m, = 0 and |m£| = 1 states. Without a knowledge of the ratio QO/Ql,
only the extremes of P can be calculated. These will result if either

Qo or Q; 1is zero, and therefore
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-.267 = P = .41 (k)

The resulting uncertainty in QBp is + 9 percent, - 1L percent.

9

Hughes, et al.” have derived the expression analogous to equation

(43) for the polarization of radiation in the 3d~2p transition:

_ 57LQ) +Q ‘293)
P = 119 Qg +c219 al + 162 Qa (49)

where Qq, Q;, and Qp are, respectively, the cross sections for formation
of the m, = 0, |mz| = 1, and |m£| = 2 states. Again only the extremes
of P can be found without a knowledge of the ratios Qp:Q;:Qz. The ex-
tremes of P occur when the linear momentum transfer is along the axis

of quantization, in which case Q; = Qg = 0, or when it is perpendicular
to this axis, in which case Q; = 0 and Qg = (3/2)Qo.35 Therefore for

3d~2p radiation

-0.32 = P = 0.48 (Lo)

The resulting uncertainty in di is then + 11 percent, - 16 percent.

Systematic Error Due to Cascade

Hydrogen atoms formed in higher levels than the n=3 can decay
spontaneously into the n=3 level and subsequently emit an Ha photon.
It is not possible to determine precisely the effect of such transitions
without measuring the cross sections for formation of many of the states
having a higher energy than the n=3 state. However, a sufficiently ac-
curate assessment of the possible error introduced by neglecting cascade

can be made by noting the following facts. At the energies of the
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present experiment, only the higher s states are formed in significant
numbers, and the branching ratios for decay of these excited states
favor a transition into the 2p state rather than the 3p. The cross
sections for formation of these s states can be estimated with the

aid of the rule given by Oppenheimﬁr29

that, at high energies, they
vary with n as n ®. Measurements by Hughes, et al.3l near 100 keV
tend to substantiate this prediction. Sample data were analyzed with

appropriate allowance for cascade from the L4s state into the 3p state.

The results showed only minor variations in the capture cross sections

thus determined. The errors in cross sections introduced by neglect-
ing cascade contributions from all states higher than n=3 are estimated

to be no larger than those given in the following table.

Table 5. Uncertainty in the Capture Cross Sections
Due to the Neglect of Cascade

Helium Target Nitrogen Target
In Q, + 0% + 0%
- 3% - 3%
In Q,sp 129 + 89
In Q4 * 6% +10%
In Q < 1% < 1%

Systematic Error in Calibration of the Balmer Alpha Detector

Absolute calibration of the electron capture cross sections was

accomplished as described on page 47 by comparison of Ha emission inten-
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sities obtained from the charge transfer process with those obtained

from the dissociative excitation of a molecular hydrogen target:
+ + *
H +Hy, ~H +H (n=3) + H (47)

The absolute cross section for emission of the Ha line in this reaction

3

was measured previously2 in this laboratory by comparison with a
tungsten filament standard lamp and was used as a convenlent transfer
standard. This emission cross section had been measured with an esti-

mated uncertainty of * LO percent, and the accuracy of the calibration

of the present cross sections is estimated to be * 50 percent.

Total Uncertainty in the Collisional Destruction Cross Sections

The uncertainties in p, v, the effective decay length, variations
in sensitivity over the face of the photomultiplier, and the neglect of
cascade combine to produce a total systematic uncertainty in Qi of
about seven percent. Since these possible errors are independent of
the random errors, the two may be combined as orthogonal vectors.37
Since the random uncertainties are several times larger than those due

to possible systematic errors, the total uncertainties are approximately

equal to those given in Table 1.

Total Uncertainty in the Electron Capture Cross Sections

Ignoring for the moment the uncertainty in the absolute calibra-
tion, the measurements of cross sections for electron capture into the
35 state are estimated to have a total uncertainty of * 15 percent or

less in almost all cases. The estimates are shown by the error bars in
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in Figures 10 and 13 (see Chapter V). Uncertainties arising from

37

independent sources have been added as orthogonal vectors in arriv-
ing at these estimates. The largest single contribution to the indi-

cated uncertainties was due to the uncertainty in Qi.

To these uncertainties must be added the * 50 percent uncertainty
in the absolute calibration. This has been omitted from the figures
for clarity since an error from this source cannot affect the energy
dependence of the cross section but could only raise or lower all the
points by equal distances on the figures.

Cross sections for capture into the 3d states are presented in
a similar way, omitting the estimated uncertainty in calibration. This
cross section is about two orders of magnitude smaller than the cross
section for formation of the 3s state. Therefore only a few percent
of the measured light intensity is due to transitions from the 3d
state. Random variations in the data are typically one to two percent,
gsometimes larger. As a result, the random variations in the measured
values are sometimes more than 100 percent of the mean, and it has been
necessary to assign an uncertainty factor of 2.5 (+ 150 percent, - 60
percent) to these measurements.

Random variations in the measurements of the cross section for
capture into the 3p state are even larger than for the 3d state. The
reason again is that only one or two percent of the Balmer alpha emis-
sion is due to radiation from atoms in the 3p state. The cross section
for formation of this state is about an order of magnitude smaller than

the cross section for formation of the 3s state, and less than 12 percent
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of the 3p atoms decay by emission of an Ha photon. The remainder decay
by Lyman beta. Because of large random variations in the measurements
of the 3p cross sections, no error limits have been assigned. However,
the measured values do allow the establishment of an upper bound for the

cross section.
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CHAPTER V
MEASURED VALUES OF THE CROSS SECTIONS

Measurements of the cross section for the formation of the
excited states of atomic hydrogen are shown in Figures 10 through 15
for targets of He and,Ne. Uncertainty in the absolute values of cross

sections is estimated to be * 50 percent, most of which comes from un-

certainty in the emission cross section data to which the present work

was normalized. Uncertainty in the relative variations of cross sec-
tions with energy are indicated with error bars in Figures 10, 11, 13,
and 14. A full discussion of error limits is given in Chapter IV.

Figure 10 shows the cross section for the formation of the 3s
state for protons incident on helium. For comparison, the predictions
by Mapleton and the previous measurements by Hughes, et al.lo and by
Andreev, et al.ll are also shown. The general form of our measurements
is in agreement with Mapleton's predictions.2 The systematic discrep-
ancy between theory and experiment might be due to an erroneous cali-
bration of detection sensitivity. It appears that the present measure-
ments confirm the general validity of Mapleton's theory down to impact
energies of 75 keV.

Figure 11 presents measurements of the cross section for the
formation of the 3d state in a helium target, again compared with pre-
dictions of Mapleton.2 This cross sectlon is about two orders of magni-

tude smaller than the cross section for the formation of the 3s state,
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potential for the process H' + He(1s®) — H(3s) + He'(1s).)
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which means that only a few percent of the measured light intensity is
due to transitions from the 3d state. Statistical fluctuations in the
data are typically one or two percent, sometimes larger. As a result
it has been necessary to assign very large random error bars to the
data for this state. Nevertheless the agreement between theory and
experiment is surprisingly good.

The measurements of the cross sections for the formation of the
3p state (Figure 12) are so poor that it would be misleading to assign
error bars. Generally speaking, they do compare with the measurements
by Hughes, et al.lo and allow us to establish an upper bound to the
cross sectlion for the formation of the state. This bound lies below
the theoretical predictions of Mapleton2 by a factor of between four
and ten at all energies from 75 to 400 keV. This very large discrepancy
is most surprising. There seems no obvious reason why theoretical pre-
dictions should be good for the 3s and 3d states while being very poor
for the 3p level. More récently the cross section for the 3p state has
been determined utilizing the gas cell configuration of the experiment.
This new procedure provides a much better measurement of the short-lived
states than was obtainable with the present scheme. The new data are
in general agreement with those presented here; the 3p state cross sec-
tion again lies far lower in magnitude than theory predicts. There are
also general theories for the prediction of relative populations of ex-

38,39,MO and of Butler and May-ul

cited states from the work of Hiskes,
These theories are in general agreement with the work by Mapleton2 and

therefore in disagreement with the present experiment. It must be con-

cluded that the existing theory is in error.
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Figures 13, 14, and 15 show the cross sections for formation of
the 3s, 3d, and 3p states of H by impact of H+ on a target of N2. Their
magnitudes are several times larger than for a helium target, but the
energy dependences are similar. There are no detailed theoretical pre-
dictions with which these may be compared.

Figures 16 and 17 show the cross sections for the destruction of
the 3s excited state by impact on targets of helium and nitrogen, re-
gpectively. Comparisons are made with Bates and Walker's theoretical
predictions of the cross sections for ionization of this state.l
In the case of a nitrogen target, the magnitude of the present measure-
ments appears to be in agreement with these predictions within experi-
mental uncertainty, although a somewhat different energy dependence is
indicated. For a target of helium, the magnitudes of the predictions
and the measurements differ by a little more than the estimated experi-
mental uncertainties, but in no case more than a factor of two.

However, the energy dependences are substantially different.
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CHAPTER VI

COMPARISON WITH OTHER WORK

The results of the present experiment will be compared with
theory in order to gain some insight into the validity of the approxi-
mations made in theoretical calculations. It is also possible to
correlate the present results with the experimental data of other re-

search groups obtained at lower impact energies.

Comparison with Calculations of Electron Capture Cross Sections

The capture cross sections measured in the present experiment may
be compared directly with the values predicted by the Born approximation
for capture into the 3s, 3p, and 3d states and with a prediction of the
ratio of these cross sections. Further insight into the relationship
between theory and experiment may be obtained by a consideration of
coupled state calculations which are available for the 2s and 2p states.
It is also of interest to consider theoretical calculations for capture
from a one-electron atom in order to ascertain whether there is any
correspondence between the results of such a theory and experimental
results for targets of He and N,.

2

Calculations for a Target of Helium

The theoretical work most directly applicable to the present
measurements of charge transfer cross sections is that of Mapleton.2 He
has utilized Born's approximation to calculate cross sections for the

processes

H' + He(1ls®) - H*(3s, 3p, or 3d) + He+(ls) (L48)
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for impact energies from 7 to 1000 keV. The experiment measured the
cross section for the sum of all possible final states of the He' ion,
but from Mapleton's predictions it is estimated that at least 90 percent
of such collisions leave the ion in the 1ls state. Mapleton has made
calculations for both prior- and post-collision potentials. If exact
atomic wave functions were known for the helium atom, as they are for
hydrogen, the two sets of calculations would yield identical results.
The exact atomic wave functions for the helium atom are not known and

the wave function used by Mapleton

1

is admittedly rather crude. However, this wave function yields prior
and post total capture cross sections which are within 20 percent of one
another and are in fair agreement with experimental measurements. Ac-
cording to Mapleton,

the reason for this apparent success appears to emerge from
the good representation for the wave function for helium over
the region of configuration space that provides the major
contribution to the cross section for ... [ capture into the
ground state of H] ... which process provides the major con-
tribution to the total capture cross section. On the basis
of this close agreement, it 1s reasonable to expect that the
exact Born cross sections would not differ radically from
these approximate values.2

Cross sections for electron capture into the ground state have been

19

calculated by Bransden and Sin Fal Lam, using the impact parameter
formulation, for a number of approximate helium wave functions includ-

ing the one used by Mapleton. They conclude that the calculated cross

sections are not very sensitive to the helium wave function employed,
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for proton energies between 30 keV and 10 MeV.

Mapleton's prediction of the cross section for electron capture
into the 3s state has approximately the same energy dependence as the
present measurements but appears to be about 50 percent higher in magni-
tude (Figure 10). This systematic discrepancy lies just within the
estimate of experimental uncertainty and could be due to an error in
calibration of the detection sensitivity. The measurements apparently
confirm the general validity of Mapleton's theory for impact energies
from 75 to 400 keV.

Because of the small magnitude of the cross section for capture
into the 3d state, the experimental uncertainties in its measurements
are considerably larger than those for the 3s state. However, the same
systematic discrepancy of about 50 percent exists between these measure-
ments and Mapleton's predictions of the 3d cross section. Otherwise
the agreement seems remarkably good.

The measurements of the cross section for formation of the 3p
state are admittedly very poor. They do, however, allow the establish-
ment of an upper bound to the cross section. This bound lies below
Mapleton's predictions by a factor between four and ten at all energies
from 75 to LOO keV. This large discrepancy is quite surprising, and
there seems no obvious reason why theoretical predictions should be good
for 3s and 2d states but poor for the 3p state. Recently the cross
section for the 3p state has been measured utilizing the alternative con-
figuration of the experimental apparatus described on page 1l1l. This pro-
cedure provides a much better measurement of the short-lived states than

was obtainable with the previous scheme. The new data are in general
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agreement with the work presented in this thesis confirming that the 3p
cross section lies far lower in magnitude than Mapleton's theory pre-
dicts. The conclusion is that the theory is in error for this case.

The explanation may be in the crudeness of the helium wave func-
tion used by Mapleton. It is conceivable that, although it is a good
representation over the region of configuration space providing major
contributions to cross sections for charge transfer into the 1ls, 3s,
and 3d states, 1t may be less accurate in the region of configuration
space important to the 3p cross section.

In a subsequent paper,l8 Mapleton has used the six-parameter
helium wave function of Hylleras to calculate Born prior and post cross

sections for the process

H' + He(1s®) - H(1s) + He'(1s) (50)

that is, capture into the ground state. The discrepancy between the re-
sults using prior- and post-collision potentials is thereby reduced from
20 percent to less than one percent, indicating that the wave function
is adequate for this type of scattering calculation.

The newer values of ls capture cross sec’t:ionl8 are in better
agreement with his earlier 1s predictions based on the post-collision
potential than with those based on the prior potential.2 For this reason,
comparisons in this thesis with Mapleton's predictions2 are based on his
post-collision results. Unfortunately, calculations for capture into
the n=3 state were not done using the Hylleras wave function.

It is possible that this wave function would also give a smaller




83

3p cross section, in better agreement with the measurements, but that
is purely speculation.

Calculations have been made by Hiskes39’ho

of the ratios st:pr:
Qsd for protons incident on helium. A simplified form of the Brinkman-
Kramers matrix element was employed, and Hartree-Fock wave functions
were employed for the target atom. Within the energy range of this
experiment, ratios obtaineduo in this way agree well with those obtained
from Mapleton's predictions,2 and are therefore in disagreement with the
present experimental measurements. At energies of 10 and 30 keV, the
results of Ma.pleton,2 and Hiskes39 are in disagreement, indicating that
the different theories diverge at lower energies. However, in this
energy range the Born approximation, which Mapleton employs, may not be
valid.

ho

The impact-parameter formulation has been used by Sin Fal Lam

to calculate cross sections for the electron capture reactions
+ 2 +
H + He(1s®) - H(1ls, 2s, 2p) + He (1s)

over the energy range one to 1000 keV. The calculation was performed
with allowance for coupling among these states during the collision pro-
cess. Mathematically, this means that the time-dependent wave function
describing the active electron during the collision is approximated by
a linear combination of the initial state function and the wave func-
tions of all the given final states. The coefficients in this linear
combination are time-dependent, and the capture cross sections are

easily obtained from their values at an infinite time aftter the collision.
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Simpler approaches consider only one possible final state and utilize
a wave function during collision which is a linear combination of only
this state and the initial state. Since, in principle, a complete set
of functions is needed to describe the electron during collision, the
inclusion of more state functions should produce a more accurate pre-
diction, particularly if the choice of inecluded functions is cleverly
made.

Sin Fai Lam's predictions of the cross sections for capture into

the 2s and 2p states have been scaled by the n ° rule29’3o

to produce
estimates of the 3s and 3p cross sections. A comparison shows that, for
the energy range of the present experiment, the scaled cross section
lies higher than Mapleton's prediction2 of the 3s cross section by an
amount which increases with energy from about 10 percent at 100 keV to
about 90 percent at LOO keV. Since Mapleton's calculations are already
larger than the present measurements, these scalings of Sin Fai Lam's

s state predictions agree less well with this experiment than do
Mapleton's, and energy dependence is significantly different from that
indicated by the present measurements.

However, the scaling of Sin Fai Lam's 2p prediction produces an
estimate of the 3p cross section about a factor of two smaller than
Mapleton's, and therefore in somewhat better agreement with estimates
of the 3p cross section obtained from the present experiment. The allow-
ance in the calculation for coupling to the 1ls and 2s states is likely
to have been responsible for the improvement in this prediction over

Mapleton's.
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Although the comparison of present measurements with Sin Fai
Lam's calculations shows a substantial discrepancy in magnitude for both
the s and the p cross sections, the ratio of his predicted cross
sections is clearly much nearer the experimental results than the pre-
diction of this ratio by Mapleton and by Hiskes.

In conclusion, there is general agreement of the energy depend-
ence of the data for formation of the 3s state with the predictions of
Mapleton.2 There is little correspondence between the predictions of
the 3p cross section and experiment. It would appear that further work
to include coupling to yet other competing processes, as suggested by

19,42

Bransden and Sin Fai Lam), might further elucidate this problem.

Calculations for a Target of Atomic Hydrogen

Predictions for the reaction

g4 H(ls) ~H o+ H (51)

are more amenable to calculation than those for any other target since
exact wave functions are known for all participants in the collision.

The resulting cross sections might be expected to give some indication
of the form of the cross sections for electron capture for other targets.

43

Calculations by Bates and Dalgarno,u Mapleton, Jackson and

. 3 30% . . .
Schiff,” and May indicate that the ratio Qsp/(q3S + Q3p + Qsd) ranges
from LO percent to 50 percent at 75 keV down to 12 percent to 22 percent

at 400 keV, again much larger values than are indicated by the present

$Calculations in reference 30 are done in the 1limit of large n,
but the ratios quoted, do not differ 81§n1f1cantly from those calculated
by Bates and Dalgarno’ and by Mapleton™ for n=3
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measurements for targets of helium and molecular nitrogen. May3o pre-
sents only the ratios of cross sections, but the 3s cross sections pre-

3,4,43

sented in the other three references are scattered within a factor
of four of the measured cross section for a target of helium at 75 keV.
However, the predicted cross sections for atomic H decrease much more
rapidly with increasing energy than the measured values for helium. There

appears to be little correspondence between the predictions for a target

of atomic H and the present measurements for targets of He and N2.

Comparison with Other Experimental Measurements

Measurements of the cross sections for electron capture into the

8,9,10

n=3 states have been made by Hughes, et al. at energies from five to

115 keV, for several target gases including He and N_ and by Andreev,

2
et al.ll at energies from 1L to 30 keV for three noble gases including
He. Their results are shown in Figures 10 through 15 along with results
of the present experiment and Mapleton's predictions.2 Measurements
have also been made by Berkner, et al.m+ of the cross section for elec-
tron capture into the n=6 level of hydrogen by five to 70 keV protons in
neon and magnesium vapor. Their technique is in some ways similar to
that of the present experiment. It is shown, however, that assumptions
made in their analysis of data are unsubstantiated and perhaps incon-

sistent with the results of the present experiment.

Mesasurements of Cross Sections for Capture into the n=3 Level

The experimental system employed by Hughes and his co-workers is
essentially the scheme described as an alternative to that used for the

present measurements (see Chapter II). A gas cell in which the colli-
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sions occur is followed by an evacuated flight tube along which the Ha
intensity is measured as a function of distance from the exit of the
gas cell.

As shown in the figures, the energy range of the present measure-
ments overlaps that of Hughes' measurements. Measurements of emission
cross sections reported by Hughes' group have been consistently larger

in maghitude than those reported by this laboratory23’u5’u6

due to dif-
ferences in calibration of the two experimental systems. The present
case 1s no exception; where the energy ranges overlap, Hughes' values

for Qbs for He and N, are sbout 4O to 50 percent larger than those

2
measured in the present experiment, a discrepancy which is within
experimental uncertainties.

A comparison with Hughes' measurementslo of the cross section
for capture into the 3d state with either target (Figures 11 and 1k)
would suggest a discrepancy similar to that observed in the measurements
of Qas'

Little can be said about the comparison of the present measure-~
ments of the 3p cross section with Hughes'lo except that there is no
evidence of a major disagreement.

Collisional destruction of excited atoms appears to have been
insignificant for Hughes' experiments. His paper states8 that observed
emission intensities were proportional to target gas densities. This
observation is not in contradiction with results of the present experi-
ment since, for the target pressures utilized, the length of his colli-
sion cell was substantially less than the mean free path for electron

loss.
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In summary, where a direct comparison with measurements by Hughes
is possible, his cross sections for electron capture appear to be about
40 to 50 percent larger than the present measurements due to a discrep-
ancy in absolute calibration of detection efficiency. Even so, the two
sets of measurements are within the combined experimental uncertainties
and are considered to be in agreement.

The cross sections for electron capture into the n=3 states from
a helium target have been measured by Andreev, et al.ll in the energy
range 14 to 30 keV by a method which differs fundamentally from those
utilized in the present experiment and by Hughes.lO The scheme requires
measurements of emission intensities of Balmer alpha and Lyman beta
photons in the presence and in the absence of an external electric
field. The assumption is made that the total cross section for the
"excitation" (Andreev's word) of the n=3 level is independent of the
electric field. Relations between the measured cross sections are then
used to deduce QES, Qap, and Qsd‘ There is some question as to the
validity of the basic assumption that the total excitation cross section
of the n=3 level is independent cf the externally applied field.

The measurements are presented in Figures 10, 11, and 12. An-
dreev's measurements of st appear on the average to be about 15 percent
smaller than Hughes' but are in fair agreement. His measurements of
Qsp are also in fair agreement with Hughes' as to magnitude (Figure 12)
although the energy dependences are not the same. Andreev's measure-
ments of this particular cross section are not subject to the question

raised by his assumption of independence of n=3 cross section and applied
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field. The 3p measurement was performed simply by measuring the Lyman
beta intensity, which is due entirely to emission from 3p atoms. His
measurements of Qsd are larger than Hughes' by a factor of three to
four and further doubt is therefore cast upon the validity of his basic
assumption. His total cross section for excitation of the n=3 level
(Qes + er + Qéd) is about 30 percent larger than Hughes' because of
this discrepancy in the 3d measurements.

Other Measurements of Electron Capture Cross Sections

Although no direct comparison is possible with the measurements
by Berkner, et al.m_L for capture into the n=6 level from targets of Mg
vapor and neon, a discussion of their method and results may be of value.
In their arrangement, a collimated, momentum-analyzed beam of H+ or D+
passed through an oven in which Mg granules could be heated to produce
magnesium vapor or, with the heater switched off, neon could be intro-
duced as the target. Impact energies ranged from five to 70 keV. After
charge exchange collisions in the oven, the beam contained H+, H-, and
H atoms in various states. Radiation from the decay of excited atoms
in the beam was observed at a single location just beyond the exit
aperture of the oven. The emission was analyzed for the Balmer delta
component (n=6 — n=2, 4102 &) and detected by a photomultiplier. Detec-
tion efficiency was measured by comparison with the emission from the
0-0 first negative band of N2+ (3914 4) produced by bombardment of N,
by 60 keV protons and normalized to a weighted average of cross sections

published by other experimenters. The assumption was made that the de-

tection efficiencies at 391k i and at 4102 A were approximately equal.




Instead of attempting the admittedly difficult task of identify-
ing the contributions of the three separate angular momentum substates
to the gsemission, the data were analyzed under the assumption that the
population of the n=6 level at the exit aperture of the oven was dis-
tributed statistically over the possible substates. There is no evi-
dence to indicate that the n=6 level is initially populated with such
a distribution. Theoretically predicted cross sections indicate that
most of the electron capture into the n=6 level takes place into the
s, p, or d states with essentially none into the f, g, or h states,
although the latter trio includes 27 of the 36 available substates.

The present experiment and others8’9’lo’31

which have measured popula-
tions of the n=3 and n=4 substates have, in fact, shown that the popu-
lations have an entirely different distribution, leaning heavily toward
the state having the smallest statistical weight, the s state.
However, the substates of the n=6 level are less widely separated in
energy than those of the lower levels and are therefore more readily
mixed. Stark perturbations due to stray fields in the apparatus and to
motion across the earth's magnetic field are likely to cause mixing of
substates of this level, and it is conceivable that the population tends
toward a statistical distribution. No evidence is presented to substan-
tiate the assumption, which is basic to the analysis of the data, and
the authors themselves indicate that they harbor some reservations
concerning its validity.

The presentation of most of the data is based on the specific

assumption (which we call here assumption (1)) that the substates are
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shuffled into statistical equilibrium before leaving the oven, but that
beyond its exit aperture, no more shuffling occurs and field-free
lifetimes apply. However, data are also presented for several alterna-
tive models:

(2) a statistical distribution achieved in the collisional for-
mation process with no subsequent shuffling,

(3) a statistical distribution achieved and maintained by
shuffling both inside and beyond the oven,

(4) a distribution into only s, p, and d substates according
to Born calculations with no subseguent shuffling,

(5) formation only of s states with no subsequent shuffling,

(6) formation only of p states with no subsequent shuffling,

(7) formation only of d states with no subsequent shuffling.

Fach of the seven cases is worked out both with field-free life-
times and again with Stark lifetimes. Cross sections obtained from the
data on the basis of assumptions (1), (2), and (3) with either Stark
or field-free lifetimes all lie within 25 percent of one another. The
use of assumption (L4) reduces the cross sections by a factor of two to
three from those presented using assumption (1). The use of assumptions
(5), (6), or (7) causes more drastic changes in the results, but the
assumptions seem rather implausible.

Unless the assumed shuffling is complete, the population distri-
bution will depend on the beam energy because the fraction of the n=6
atoms originally formed in a given substate will in general vary with
energy. Born calculations quoted by Berkner predict such a variation.

Because of this possibility, there is doubt as to the energy dependence
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of the cross sections presented.

The absolute calibration of the photon detector was based on the
assumption that its efficiency was the same for the emission band of
nitrogen at 3914 i as for the H6 line at 4102 A. Because the nitrogen
line is spread by the rotational structure over tens of Angstroms, all
of which should be detected, whereas the H6 emission is contained within
a small fraction of an Angstrom, and because the two sets of emissions
are separated by nearly 200 ﬁ, the assumption is somewhat questicnable.

There are serious questions, then, with regard to both the magni-
tude and the energy dependence of the cross section values presented,
and it is suggested that these values be considered as no more than an
indication of the order of magnitude.

Other experimenters have measured cross sections for electron
capture by protons into various orbits, but most of the work concerning
excited states has been done for capture into the 2s and 2p states at
considerably lower impact energies than those used in the present experi-
ment.

Dahlberg, et al.h8 have measured a relative cross section for
Lyman alpha emission (2p~1s) resulting from the impact of protons on a

nitrogen target over the energy range 20 to 130 keV.
H + N, — H(2p) + [N, (52)

Since the Lyman alpha line is due to a single transition, 2p—ls, there
is no problem of separating transitions. However, the author states

that a pure proton beam could not be obtained at the entrance to the
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target cell due to high background pressure in a preceding cell which
was used in another experiment for the production of a neutral beam.
The Lyman alpha emission cross section was also reportedL+8 for H(1s)
impact and was larger than the cross section for emission by process
(52) throughout the energy range. The ratio of the two cross sections
inecreased from about 1.3 at 20 keV to about 10 at 130 keV. This sug-
gests the pogsibility of a substantial energy-dependent uncertainty in
the cross section measurement for H+ impact, even if a correction was
made for the emission due to the neutral component of the beam.

No corrections were made for the effects of cascade. The effect
of the finite lifetime of the 2p state was also ignored, but the re-
sulting error was estimated to be less than 20 percent. This error
tends to increase with increasing energy. The possibility of Doppler
effects was not mentioned in the report,u8 but it appears from the
description of the apparatus that errors from this source may have been
small.

Because of the several possibilities for significant energy-
dependent systematic error, it is risky to make any comparisons with
the results of the present experiment.

Other measurements pertaining to the capture of electrons into

excited states by protons are listed in Table 6.




Table 6. Measurements Pertaining to the Capture of Electrons into Excited States by Protons

Reference Energy Range Target Gases States or Emission Line
(keV)
. Xe]
Colli, et al. 7 - 40 He, H, 2s
Jaecks, et al.SO 1.5 - 23 He, Ne, Xe, Ar 2s
Dose? ™ 3 -7 He 2s, 2p
Andreev, et al.’? 10 - Lo He, Ne, Ar, Kr, Xe 2s, 2p
Ryding, et al.”> 4o - 200 Hy, H, He o5
Hughes, et al.8 5 - 115 He, Ar, Ne, NE’ H2, O2 3s
Andreev, et al.tt L - 30 He 3s, 3p, 3d
10 - 30 Ar, Ne 3s, 3p, 3d
1
Hughes, et al.3 5 - 120 He, Ar, Ne, N, H,, o8 bs
DeHeer, et al.”” 5 - 35 H2, He, Ne, Kr 2p, 3p
Pretzer, et al.55 1 - 25 He, Ne, Ar, Xe, Kr 2p
6
Gaily, et al.5 0.5 - 15 He, Ne, Ar 2p and its magnetic substates
Andreev, et a1.”’ 10 - ho He, Ne, Ar, Kr, Xe Lyman beta, 3p
Bayfield 2 - 70 Hy, Ar 25
Teubner, et a1.”? 0.4 - 26 Ar, Ne, He Lyman alpha (polarization

fraction only)

16



Table 6. Measurements Pertaining to the Capture of Electrons into Excited States by Protons

(Concluded)
Reference Energy Range Target Gases States or Emission Line

(keV) _

Sellin6o 5 - 20 H2 2s

Andreev, et al.6l 10 - 35 H2 2s, 2p, Lyman beta, 3p

Hughes, et a1.” 10 - 35 N, 3s, 3p, 3d

Dahlberg, et al.u8 10 - 130 N2 2p

Sellin and Granoff62 2 - 30 K, Cs, Rb vapors 2s

Donnally, et al.63 0.16 - 3 Cs vapor 2s

Cesati, et al.6h 8 - Lo H, 2s

Dahlberg, et al.65 20 - 130 H2 Lyman alpha

Hughes, et al.lo 10 - 120 He, Ar, Ne, N2, H2, O2 3s, 3p, 3d

Berkner, et al.Lm 5 - 70 Mg vapor, Ne n=6 level

66
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Comparison of the Collisional Destruction Cross Section

with Predictions

The cross sections for collisional destruction of H(3s) atoms
have been measured in the present research by the method described in
Chapter III. Bates and Walkerl have calculated cross sections for the
guenching of the emission from this state and it is interesting to make
a comparison. Their calculation is done with the aid of the classical
impulse approximation, and a simple formula is derived which expresses
the cross section as the product of the (measured) total free electron
scattering cross section (for the same velocity as the impact velocity
of the atoms) and a 'correction" factor. For nZ3 and for velocities
in the range used in this experiment, the "correction' factor is essen-
tially unity, implying that almost all encounters result in the ioniza-

ol and Butler and Mayl‘L:L make a

tion of the hydrogen atom. Both Lodge
similar implication. Bates and Walker™ state that "encounters which
merely cause a Change in the azimuthal gquantum number must therefore be
relatively rare; and contrary to the assumption in some of the earlier
investigations of auroras they cannot bring the population distribution
amongst the states of a level into statistical equilibrium." They

further state that "the effect of the orbital velocity is so small for

the exclited states of interest that negligible error is introduced by
taking the loss cross sections, Qn, from level n to apply to the
separate nf states.” They also point out that most experimental studies

of hydrogen line emission from H or H+ beams passing through atmospheric

gases have been done at molecular number densities which were high enough
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for quenching to be significant. Some of the experimenters
. . found that the intensity of the emission was propor-
tional to the density of the gas, which might at first be
thought to be inconsistent with the occurrence of quenching.
The explanation of the apparent anomaly is simply that the
mean free path toward electron loss greatly exceeded the
distance along the beam from the place where it entergf
the collision chamber to the region under observation.
For the present experiment, the product of the collision chamber length
and the target gas number density was sufficient that quenching was
observable.

The method of determining Qi’ the cross section for destruction
of the 3s state, in the present experiment required that an apparent
lifetime or decay length be fitted to the data of emission intensity
versus target penetration depth x for large x where 3p and 3d con-
tributions to the Ha emission had reached their asymptotic levels (see
pages 27, 52). Because the curvature of the single remaining exponen-
tial in this region was not great and because of statistical scatter in
the data, the accuracy of the measurement of the apparent decay length

(1/v7

was further inereased by the ratio of the quantity (l/VTaS + in) to

as + in)-l was not great. Uneertainty in the measurement of Qi

pQ;

For a target of nitrogen, at the highest target pressures utilized
(0.6 X 10" Torr), in was approximately equal to l/V'ras and the esti-
mated uncertainty in Qi was * 40 percent. Within the experimental uncer-
tainty, the magnitude of these measurements appears to be in agreement

with Bates and Walker's predictions,l although a somewhat different

energy dependence is indicated (Figure 17).
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For a target of helium, Qi is about five times smaller, and even
though higher target pressures were used (up to 1.5 X 1072 Torr), in
rarely exceeded half the value of l/VTSs. The estimated uncertainty in
Qi therefore ranges upward from * 4O percent at the lower energies,
where signal levels were largest and statistical fluctuations smallest,
to * 70 percent at the higher energies. Within these rather large
experimental uncertainties, the agreement with Bates and Walker's pre-
dictions is again satisfactory in magnitude although the energy depend-
ence indicated by the measurements is at variance with the prediction

(Figure 16).
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CHAPTER VII
CONCLUSIONS

Absolute cross sections have been measured for the formation of
excited hydrogen atoms in the 3s, 3p and 3d states by protons in targets
of helium and nitrogen. The experimental technique required a quantita-
tive measurement of the Balmer alpha photons emitted in spontaneous radia-
tive decay by atoms in these states. The three parent states were sep-
arately identified by their different lifetimes. The measurements were
made for impact energies ranging from 75 to 40O keV, a range in which
approximations made in certain theoretical treatments are expected to be
valid. In addition, absolute cross sections for the destruction of excited
H atoms in the 3s state have been measured. Wherever possible the measure
ments have been compared with theoretical predictions and with other experi-
mental work.

The cross sections for capture into 3s states are by far the
largest of the three capture cross sections which were measured. Relative
determinations have been made with an uncertainty of about * 15 percent,
but the possible error in absolute calibration may be as much as * 50
percent. Within experimental error, there 1s agreement with other measure-
mentslo in the narrow interval where there is an overlap in the range of
impact energies. 1In the case of a helium target, theoretical predictions2
are available, and these appear to be at the upper limit of the estimated

experimental error. The dependence on energy is in good agreement. The
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cross section for a nitrogen target is roughly three times larger than
for a target of helium.

The cross sections for capture into the 3d and 3p states are one to
two orders of magnitude smaller than the 3s cross sections in the energy
range of this experiment. Correspondingly, the uncertainties in measure-
ments of these cross sections are much larger. However, there appears to
be no serious disagreement with other experimental work.lo In fact, the
agreement appears surprisingly good. Theoretical predictions for the
3d capture cross section in heljum are apparently in as good agreement as
the 3s cross gections, although uncertainty in the measurements is too
large to allow detailed comparison. The measured values of the cross
section for capture into the 3p state from helium all lie below the theory
by a factor of at least four. This discrepancy indicates a substantial
error in the prediction of this cross section, and a suggestion is made for
possible improvement of the theory by the inclusion of coupling to other
states. For a nitrogen target, the fraction of the atoms formed in the
p and d states is slightly larger than for helium.

Measured cross sections for destruction of excited H atoms in the
3s state are compared with theoretical predictionsl of the cross section
for ionization of these atoms. The theory indicates that under the condi-
tions of this experiment, almost all inelastic collisions by H(3s) atoms
result in ionization. There appear to have been no previous measurements
of these cross sections. The uncertainty in the present measurements is
large, ranging from * 4O percent to * 70 percent, and the energy depend-
ences indicated by the measurements differ somewhat from those of the

predictions. However, the agreement in magnitude is satisfactory since
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most of the predicted values of the cross sections lie within the esti-
mated experimental uncertainties. This cross section is several orders
of magnitude larger than the cross section for capture into the 3s state.
Better measurements are needed for a more detailed comparison with
theory, particularly in the case of the cross sections for capture into
the 3d and 3p states. An alternative arrangement of the experimental
apparatus is described to accomplish this purpose. In this regard, the
possibility of accidental Stark mixing of the 3p and 3d states should
receive further investigation. The cross section for the collisional
excitation of ground state H atoms offers a new avenue for further

research.
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APPENDIX T

DEFINITION OF CROSS SECTION

A "eross section” as used in the present context is a measure
of the probabliiwy that a certain event, process, or reaction will re-
sult from the 2nllision of two microscopic particles. Cross sections
are of two brca! types: total and differential. A total cross section
usually refers o the total probability of producing a certain species
of collision jrciluct, whereas a differential cross section is further
restricted, as i%s name implies, to the probability per unit interval
of one or more continuous variables describing the given collision
product, e.g., emission angle, kinetic energy, etc. The remarks which
follow are pertinent to the concept of a total cross section. The value
of a cross section will, of course, depend on the particular process
being considered and on the nature of the two colliding particles.
Although the concept of a cross section may be generalized to more com-
plex cases, this discussion is restricted to collisions of two particles,
but the particles are allowed to have internal structure which can be
altered in the collision.

In observing the occurrence of processes on an atomic scale, it
is inevitable that measurements be made not of a single collision between
two particles whose collision parameters are well defined. The Heisen-
berg uncertainty principle prohibits such a measurement. Instead, an

aggregation of particles of one type may be caused to interact with an
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aggregation of the other type, and if measurements are made of the

number of each type of colliding particle, theilr relative velocities,
and the number of occurrences of the desired event, a probability of
occurrence may be inferred in the form of a collislon cross section.

There are several ways of developing a precise definition of a
total collision cross section, but the derivation which follows is par-
ticularly pertinent to the present experiment. Suppose that particles
of one type enter the collision region as a beam having a current of
F particles per second. Let us call these particles the projectiles.
For simplicity, let us assume that all the projectiles have the same
velocity. (When the magnitude of the cross section being measured de-
pends on the relative velocity of the colliding particles, the require-
ment of a monoenergetic beam of projectiles is not only a simplification
but is necessary for meaningful measurements.) The second set of par-
ticles, which we term target particles, should also have a uniform
velocity for the same reason.

Although the value of a total cross section is independent of
the frame of reference to which it is referred, let us consider the
interaction in the coordinate system at rest with respect to the target
particles. (In the present experiment, this was the laboratory frame.
Thermal velocities of the target particles were ignored since they were
negligible in comparison to the projectile velocities.) In this refer-
ence frame, consider the probability dP of a collision of the type of
interest within an infinitesimal volume element dxdydz oriented so that
the x axis is parallel to the velocity of the projectiles. The prob-

ability of occurrence of such a collision 1s clearly proportional to
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the target density p and to the size of the volume element

dP « pdxdydz (53)

provided that the target is sufficiently tenuous that no target particle
within dxdydz obscures to the projectiles another target within the
volume element. If J 1is the current density at some point R within
the volume element (particles per unit area per unit time), and if
N(X,y,z) is the number of events of the given type occurring per second
per unit volume at R, then the number of events occurring within the

volume element is proportional to J and to dP and is given by

N(x,y,z) dxdydz = Q J pdxdydz (54)

where Q is introduced as a constant of proportionality. This constant
has dimensions of area and is termed the cross section for the process.

If the collision process being considered were the classical
séattering of hard spheres, the cross section Q would be mr® where T
is the sum of the radii of the target and projectile spheres.

Equation (54) refers to an infinitesimal volume whereas measure-
ments must, of course, be made for a finite volume. Let N(x) be the
number of events occurring per unit length along the x axis at x. Then

since both J and p may be functions of position,

N(x) ax = dx H N(x,y,2z) dzdy = Qdx H I(x,y,2) p(x,y,2) dzdy (55)
VZ VZ
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For experiments such as the present one in which the target density is
uniform throughout the interaction region, p may be taken outside the
integral. Since J 1is related to F(x), the beam current at x, by the

equation
JJ J(x,y,z) dzdy = F(x) (56)
vz

equation (55) reduces to
N(x) dx = Qp F(x) dx (57)

In those cases where the target is sufficiently "thin" and the length
d is sufficiently small that F(x) is essentially unchanged between x
and x + d, the number of events per second occurring between x and
x + d is

N(x) d = Qp F(x) d (58)

This equation is frequently used as an operational definition of Q,
the cross section, since the quantities Nd, p, F, and d are, in principle,
measurable. However, one must be assured before using equation (58)
that the assumptions made in its derivation are valid for the experiment
to which it is applied. Because of beam neutralization, it became ne-
cessary to use equation (57) as the point of departure for the analysis
of data from the present experiment.

It might also be worth noting that, in the present experiment,
actual occurrences of the processes of interest, the direct capture of

an electron into the 3s, 3p, and 3d states, were not detected at all
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but were inferred from measurements of a consequent event, the emission
of a Balmer alpha photon. The complexities of the experiment were due
to the difficulties encountered in separating the contributions to the
Balmer alpha emission from the three different parent levels and to the
difficulties caused by other processes which either prevented the n=3
atoms from emitting or else created atoms in these states through other

mechanisms than that of direct electron capture.
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APPENDIX IT

JUSTIFICATION OF THE NEGLECT OF THE EXCITATION OF GROUND STATE

NEUTRAL ATOMS IN THE BEAM

There is a possibility that ground state neutral atoms which are
formed in the beam can be excited into the n=3 level by a second colli-
sion. This process was neglected in the analysis of data because the
experimental test described on page 35 indicated that the effect of
this process on the measurements of st was negligible. The cross sec-

tion for the excitation of neutral H atoms, @ has been neither

X,3 4°
predicted nor measured for targets of helium or nitrogen in the energy
range of the present experiment. However, a useful indication of the
importance of this process may be obtained by a consideration of avail-
able predictions for the excitation of neutral H atoms on a target of
atomic H.

Consider the importance of Qx,3£ in the coefficients of the first
three exponentials of equation (20). For convenience we reproduce the
coefficient of the 3s exponential as an example.

o] o}

st{ T+ < } (59)

vT i T,
3s v 3s
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For a target of helium at 107® Torr, the denominators of the fractions
are dominated by l/VTSS in the energy range of the present experiment.
The two fractions within the square bracket are therefore nearly equal
and their difference is small in comparison to their sum. Furthermore,
o, is less than oy for the energies of this experiment, ranging from
0.6 oy at 75 keV to 0.01 oy at LOO keV, so that the coefficient of Qx,as
ranges from 14 percent of the coefficient of Qas at 75 keV to about 0.1
percent at 400 keV. For a nitrogen target at 0.6 micron, the range is
14 percent to 0.2 percent.

There has been no publication of measurements or predictions of
Qx,as for targets of helium or nitrogen in the energy range of the
present experiment. Hughes, et al.66 have recently reported both Qx,as
and Qas for a nitrogen target for impact energies from 7.5 to 35 keV,
a range which apparently includes the maxima of both cross sections.

These measurements indicate that Q,3S is larger than Qx by a factor

4358
which increases from 1.1 to four as the impact energy increases from
7.5 to 35 keV. Unfortunately, this observation is of limited value in
assessing the ratio of these cross sections for impact energiles between
75 and 400 keV, since st will undoubtedly decrease more rapidly than
Qx,as at large impact energies.

However, for a target of atomic hydrogen, the excitation cross
section, Qx,as’ has been calculated by Bates and Griffing28 and the
electron capture cross section Qas by Bates and Dalgarnou and independ-

'ently by Jackson and Schiff.3 It might be expected that the ratio of

these cross sections in atomic hydrogen would be indicative of the value
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of the same ratio for a target of helium or nitrogen. If the ratio

Q, ../Q

x.3s’ % g is taken from these predictions, the second line of expression
b4

(59) is found to have a value between three and four percent of the
first line, for all energies between 75 and 400 keV. A similar calcu-
lation made for the 3p states, again taking the ratio Qx,sp/QBp from
the predictions by Bates and Griffing28 and by Bates and Dalga.rnou

for a target of atomic hydrogen, shows that the term containing Qx,sp
is 0.2 percent to one percent of the term in Qsp' For the 3d state the

Q term ranges from 0.5 to 10 percent of the Qsd term.

x,3d
By these arguments, equation (20) may now be reduced to the
following, with the introduction of an error of at most a few percent

in the values of the cross sections QsL:

2 s Q
1 s 34

Ga(x) = {vio +0 5}{;21 A3£ﬁ2£' 1 (60)
5T el 4 T TP

34
a Q 2 -(VTTJ;_ + pQ-) X
+ T c_3 ] [} - e 34 1 ]
m +pQ; - P(GS+GC)

2
-5 [ A ( Q‘az ~ Qx,sﬂ
¢ L 34247 1

VTaﬂ + in - p(Os+00)

-p(c +c ) x
X[l—e s ¢ :|}+K

The last exponential term in equations (20) and (60) has a decay
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length [p(os+oc)]_1 strongly dependent on the target gas density. At
pressures of the order of 1072 Torr of helium or 6 X 10 * Torr of nitrogen
the ratio of this decay length to the decay length of the 3s state,

VT o is not sufficiently large to allow accurate separation of these
terms by analysis of the data. At target gas pressures of the order

of 10°* Torr, this decay length is several times longer than the ob-
servation region, and again an accurate determination of the coefficient
cannot be made from the data. At the lower energies in the range of
this experiment, Qsz and Qx,sz may be of the same order of magnitude if
a. comparison of the predictions by Bates and DalgarnoLL and by Bates and
Griffing28 for a target of atomic hydrogen is any indication. The dif-
ference Qsz - Qx,sﬂ may therefore tend to be small. At higher energies,
where the difference in these two cross sections increases, O is small.
Also, the exponential factor, having a long decay length in comparison
to the length of the observation region, will not exceed 0.26 for helium
at 10°® Torr, or 0.54 for nitrogen at 6 X 107* Torr (75 keV values --
smaller at higher energies). According to these predictions, then, the

contribution to Ga(x) represented by this term is negligible.
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APPENDIX IIT

Table 7. Absolute Cross Sections for the Formation and Destruction of
Excited H Atoms in the 3s, 3p, and 3d States

Cross Sectiong Tor Electron Cross Section for Collisional

Capture by Protons into the Destruction of H atoms in the
Tmpact 3¢, 3p, and 3d States of H 3s State (units of 107° crf)
Ener (units of 1072° cnf)
(kev Qs s Qa P Qa d Qi

Helium Target
75 2%.3 16. 1.2 3.52
100 59.5 1.7 1.2 2.62
125 33.8 0.41 0.82 2.18
150 17.4 1.3 0.30 1.16
200 6.73 0.42 0.10 0.500
250 3.65 0.19 0.07k4 0.238
300 1.91 0.18 0.123
350 0.958 0.079 0.069
Nitrogen Target

75 290 117 7.37 10.6
100 175 26.6 8.13 8.46
125 125 15.6 L. L7 6.98
150 69.7 3.9L 4.09 6.02
168 61.2 11.8 0.813 5.58
250 12.6 2.87 0.950 .18
300 6.03 2.29 0.220 3.70
400 1.90 3.05
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