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ABSTRACT
The gas collisional cross sections for breakup of 20.9-MeV H2+.

ions into H0+H+ and H++H++e have been measured in HZ' He, NZ‘ and

‘Ar. Total dissociation cross sections in the same gases and in the

energy range 10 to 65 MeV have been deduced from radial-attenuation

measurements on the internal beam of the Berkeley 88-inch cyclotrom "

These cross sections have also been calculated for each of the H2+ _

molecular-ion vibrational levels and for an average over the vibra-
tional levels, with an approach proposed by Salpeter. The measured

and calculated average cross sections are in good agreement.
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INTRODUCTION

Thevgas collisional cross.sections for breakup of H2+ ions have
been studied fairly extensively in thé pastvde'cade, particularly below
about 250 keV. 1In attempts to explain the rather large differences
among the earlier measurements, experimentél attention has been
focused on the effects of possibly differ_ing, vibrational-population
distributions. It is now generally agreed that measured dissociation

cross sections are essentially independent of the type of ion source

2

from which the H
tions attributable to special vibrational distributions have been ob-

¥ beams are obtained. On the other hand, varia-

served with H2+ beams produced by gas collisional breakup of I-I3+

ionsi’ 2 (up to 40% greater than from an ion.'source), or by ioniza-
tion of H, gas with electrons haQing energies within a few electron
volts of the» HZ ionization threshold3’ 4 (cross section variations of
about a factor of four).

No theoretical estimates of dissociation cross sections for

. S { ' .
energies below approximately 1 MeV have been published. In the -

high-energy range, Salpeter's épproximate calculations, made a
number of years ago for the H2+ ground-vibrational-state ion,

gave quite good agreement with total c':;oss-séction values obtained._
by Effat. 6 (Effat meé.sured_ the radial attenuation of a cy_clotron's
internal beam in the enérgy rang'e»frorh 9 to 1.8 MeV in N.2 and Ar
gases.) Recently Peek, Weihofen, and Green have reported more
exact calculations for specific electronic transitions in a molecular-

hydrogen target, 7 and have obtained a tbtal dissociation cross section
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using a closure approximétion. The approaches of Salpeter and of
Peck et al. give results that are in very good agreement with each other'..
In this paper we report measurements of the totz;'l and partial gas
collisiqnal cross seqtions‘in H,, Hé, NZ.’ and Ar at a sufficiently high L L
energy, 20.9 MeV, that the Salpeter model shéuld apply in all cases. | | - '
The ionvsoui‘ce was a high-voltage PIG type that is assumed to produce
ions with an initial vibrational distribution calculable by use of the
Franck-Condon principle. We have used Salpeter's approach to calcu-
late breakup cross sections for all of the bound vibrati_onal levels of
the H2+ molecule.
Several measurements with gas-cell térgets have béen reported
forlenergies above 1 MeV (approximately the energy for which the
model should begin to give reasonable resuits).‘ Barnett, 8 Sweetman
9 and Pivovar, Tubaev, and No'vikovio have breported

H,, He, NZ’ and Ar data at maximum energies of 2.25, 3 and,

27
1.2 MeV, respectively. Goldring et al. 1 made measurements in
HZ and N2 fat 3 MeV, and Rdpke and Spehl12 went up to 3.5 MeV in
Ar. Their results are included for comparison with our measurements.

As an alternative to gas-cell measurements, it is possible to
deduce total cross sections by observing the variation with radius of
‘the internal beam of a cyclotron, 6 provided certain assumptions are
made about the dependence of the cross section on the H2+ enefgy and -
about the operating parameters’of the éyclotron. We mention briefly . .
some internal-cyclotron-beam measurements in the Berkeley 88-inch
cyclotron for H2+ ions in the energy range 10 to 65 MeV, but our
main emphasis is on the gas-cell measurements in the Berkeley heé.vy-

ion linear accelerator (Hilac) beam; no assumptions about energy depend-

ence and cyclotron parameters enter these calculations.
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II. THEORY

The gas collisional breakup of Hz' can result in dissociation

(denoted by the cross section 01)
o i H, wH e H | (1)
1" 772 .
or ionization {denoted by 02)
+
02:H2+» H + H++e.v (2)

Electron capture is not important for HZ+ energies above a few hun-
dred keV. The contributions to cri from the 1sag-2po‘u electronic
transition has been investigatea by Peek.?_ in the first Born approxima-
tion for collisions with H; collisions with H, are being investigated by
Peek, Weihofen, and Green. 7 We know of no theoretical calculations
for collisions with other gases; however, a method for estimating

these croés sections at incident speeds that are large compared to the

orbital speed of the bound electron in the H2+ ion has been prescribed

by Salpe'cer:5 The breakup of H2+ méy be achieved either by elec-

tronic excitation to an unstable state or by excitation of nuclear vibra-

tions. Salpeter feducéd the problem at high-impact energies to a

study of collisions in which (a) a free electron of the same velocity as

the HZ+ ion experiences a change of momentum, K, sufficient either
to excite an unstable electronic state of the H2+ ion (KZ/.?.me > 12.5 eV)
or to remove th¢ bound electron (KZ/Zme > 30 eV); and (b) a free proton
of the same velocity as the H2+ ion experiences a change of momentum,
K‘, sufficient to dissociate HZ+ ions (KZ/ZMp > 2;65 eV). (The numgr-
ical values are for the ground vibrational state). He calculated the cross
sections for the necessary momentum tran‘s_fers for collision_s with atoms
of H, N, O, and Ar,v usihg Mott and Massey'.s' resxilts13 for large-angle

scattering in the first Born approximation,



-4- _ UCRL-11217
Although the Salpeter calculations are for H2+ ions in the ground
vibrational state (v =0), the HZ+ ions used in our exg_ériment were

undoubtedly distributed over various vibrational states. To determine

the effects of such a distribution we have used the Salpeter prescription

to calculatg 0y and o5 for all vibrational states (sz to 18) of an
H2+ ion'in the lq’west rotational state. The effect of a distribution over
rotational states has not been estimated.

The breakup resulting from electronic excitation of HZ+ was
determined as follows: For a particular internuclear separation R,
we calculated 'thé probability that a free electron of the same velocity
as the H," ion undergoes a change of momentum K sufficient to excite

2

the ZpO‘u state (leading to the total breakup c¢ross section)

K =
Zms 2 URI= [ViZpo) - Vitso ) g ()

or the two-proton state (ionization)

Zens 2 Up(R) = v ' +H) - V(tso ) [ (4)

The quantities U, and U, are indicated in Fig. 1.

Momentum transfer to the electron can be achieved by eithe_r
elastic or inelasti; scattering from the target. The elastic scattering>
contribution to the cross s.ection for each of these processes was ob-

tained by integrating the differential scattering cross sections given

by Motz, Olsen, and Koch!? from

2 |
[ 2uR)
(B

m v
€

to . Thus we have

| A TS, e T
oy A v

e
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o, (R) = 2m 1(6) sinf (6)
2,el ‘ !
6rnin(UZ)
and
T
G (R) = 27 [ 1(8) sinh d8, (7)
el 7 Gmin(Ui)

where I(6) is the differential elastic-scattering cross section and O

is the total breakup cross section, _O'T = o’,l + Y due to electronic

excitation of H2+.

Two different methods were used to calculate the contribution
from inelastic scattex;ing. One w;as to use the differential scaﬁtering
cross sectioﬁs of Marton and Schiff15 (based on first Born .approxi-
mation with Hartree-Fock wave functions) for small momentum trané—
fer, and those of M'orse16 (first Born appfoximation with Thomas-Fermi
screening) for large momentum transfer; a grai)hical interpolation was.
used for the intermediate region. Since the validity of our method is
restricted to high impact encrgies, Eq. (5) was also used to relate
the energy ‘transfer to the scattering angle for inelastic collisions.
Alternatively, Gry’z:‘mski's17 "semi-classical' result for transferring
energy greater than U [Eq. (10), Ref. 17] was used. The value of U
used in evaluating this equation was the greater of Ui(UZ) or the lowest -
excitation energy of the target molecule under consideration.

The contribution from momentum transfer to either of the two

protons, producing dissociation by vibrational excitation (K /2M =

the binding energy of vibrational state v), was calculated from the

approximate formula used by Salpeter:
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o, = 4n(Z + z:z)c4 {

E; Ev] 7 - (8)
where Z 1is the atomic number of the target, Ein is the H2+ energy,
and E(v) is the binding energy of the vibrational state v. For the lower
lying levels, the contributions to the breakup cross sections from vibra-
tional excitation are small. However,‘ the implication by this formula-
tion that cross sections for excitation to nearby vibrational levels are
quite large thereby suggests the possibility of dissociation through
cascade processes. The effects of cascading are not included in our
analysis.

The cros-s. section for the dissociation or ionization of a partic-
ular vibrational state v was then obtained by averaging o(R) over
all inter-nuclear positions described by the vibrational wave functions

of Cohen, Hiskes, and Riddel_l.18

v r .
0,V =0, () HT, (V) 7@3(1{) (05 o1 (RV+ 05 51 (R)] R%4R  (9)
_ (e :
orvi=o T, el(v) top inel(V)t op = | \,UV(R.)[G' T, el(R)~l»a T inel(R)] R dR+ap(v)
(10)
: O’i(v) = 0'1' el(v) + Gi,inel(v)+ 0'P = O'T(V) - o‘z(v) . (11)

Although we have integrated olver the internuclear separations
[Eqs. (9) and (16)] to obtain the results given in this article, consider-
able computational effort can be saved by considering va to be local-
ized at the classical outer turning points in the vibrational potenfial
well, We find that with this approximation we tend to overestimate
o

by about 5 to 15% and ¢.,. by as much as 40%.

2 T

o
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III. THE EXPERIMENTAL PROCEDURE

‘The experimentai arrangement is shbwn in Fig. 2. A momentum-
analyzed beam of I—I2+, (nominally 20-MeV) from the Berkeley Hilac
pvas‘sed throﬁgh' the second 24-cm long gas cell (shown at the bottom
® of the figure) through a pair of magnets, and into plvastic séintillator-
photomultipiier counters. The signals from the counters were pulse- .
height analyzed to demonstrate that the proper particles were being
counted; discriminators were set so as to make contributioﬁs from
low-energy scattered particles negligible, and the pulses were scaled.
- The target gases were hydrogen, helium, nitrogen, and argon at
pressures ranging from 1 to 100 millitorr. The quarter-—i.nch-diameter
beam was easily contained in the two-ihchﬂiié.meter plastic scintillator
counters. The method of taking data was to set a pressure, use the
neutral hydrogeﬁ beam as a monitor, and count the H+ and I—IZ+ beams
in thé other counter by varying the magnetic field in the analyzing
magnet. In a given run enough counts were obtained to give a maximum
of 3% stati‘stical uncertainty in a measurement, and measurements made
at different times and with different apparatus over a period of one year
gave consistent results.

Although the targets were fairly thin for beams of this energy, it
was necéssary to know the cross sections for ionizing neutral hydrogen
- atoms in interpreting the data. These cross sections were obtained by
breaking up the H2+ atoms in the first gas ta,.rget, sweeping the ions T
out of the way with immediately following magnet andvdeterrnining
.ionization cross sections of the hydrogen atom with the second gas cell.

Background corrections were necessary for both the H® and HY

count rates. The H° background was due to collisional breakup of H2+

T e
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ions in the low-pressure but fairly long drift tubes between the targets
and magnets, and was always repeatable. The backgréund in the H+
count rate was also due in part to 'H_Z+ breakup on gas in the drift tubes,
but to a greatex; degree was from grazing collisions with thé collimators
of the gas cell. Variation of the bsize of the contribution from the colli-
mator collisions, due to beam steering from the accelerator, resulted
in somewhat larger uncertainties in the o, cross ‘sect‘ion than in oy
During the experiment gas pressures in the targets were monitored
with Schulz—P}{elps ionization gauges that were cross calibrated with

19

McLeod gauges and an oil manometer. The Gaede effect’ ’ was deter-

mined by repeating the pressure calibrations with the mercury of the

C.19 The maximum effect was 5% for the

McLead gauge cooled to 0°
pressures used in this experiment. From the internal consistency of

the pressure calibrations, including day-to-day fluctuations, we set a
maximum uncertainty of £10% in target thickness. After combining

these various effgcts we estimate that the standard error in (71 is

+15% and in g, is * 20%.

Radiai.l beam-attenuation measurements were a;lsd carried out in
the Berkeley 88-inch cyclotron (with the cooperation of Hermann Grunder)
for 10- to 65-MeV H2+ ions in hydrogen, helium, nitrogen, and argon.

As the results of careful measurements of the beam phase with respect
to the rf as a function of radius were available, 20 the energy gain per
turn could be determined precisely. Attenuation measurements were
made at a number of pressures for each gas; with the assumption that the
cross éections decrease as 1/E, it was possible to make simple correc-
tions for the background gas of unknown composition inside the cyclotron.

However, there was an uncertainty in the pressure measurements because
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‘the ion gauges were at the vacuum wall rather than in the cyclotron gap

and, in addition, only total c-urrent vto the probe was n}xeasured, so that
contributions from 1ow-energvy "spurium' particles may have been present.
If we neglect the‘ latter factor, we rhight conclude that the cross sectidn;.
values o.btained in this way should be good to about :ESO%, glthough an
accurate estimate of the uncertainty is impossible. The total attenua-
tion cross sections obtained with this technique agreed with the gas-cell

results to within the 30% uncertainty estimate.’

IV. RESULTS

The results of the 20.9-MeV I—IZ+ and 10.4-MeV H? cross section
measurements are surmnmarized in Table I. Values of the total cross
sections from this table are plotted in Figs. 3 through 6. Also shown
are the results of a number of other experiments at energies above

100 keV and the average values of ¢

1 in the energy range 10 to 65 MeV

that were deduced from our internal-cyclotron-beam measurements and CoA
Effat's similar measurements at 9 to 18 MeV. . It must be emphasized

i~ v
that we have no real way to estimate the uncertainties of our cyclotron

" values so the data are of only casual interest.

In Tables II through V are the calculated dissociation cross sections
for all 19 vibrational levels. The res;llts are'broken down to show the
contributions from each of the terms in Eqs. (9) and (11). The inelastic
and total cross sections are tabulated for both a Born approximation (B)
and a semiclassical, Gryzinski calculation (G) of the inelastic contribu-
tion. The tabulated cross sections for v were obtained by averaging
over a vib_rational—level population distribution calculatedzi according
to the Frahck-Condon p‘rinciple. For H2 and N2 the Born approxi

mation cross sections given are simply twice the calculated atomic
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cross sections. For the Gryzinski inelastic scattering probabilities,
however, we interpreted the "minimum excitation energy U", used
in his Eqgs. {7) and (10) of Ref. 17, to be the lowest ele;:tronic excita-
tion energy of the molecule. 22 The molecular iargeté could also
have been treated as two atoms, as in the Born calculations, In this

case, the only large difference is in ¢ the value of which is

1, inel’
about 40% lower for two atoms than for a molecule of NZ’ and 15%
highér for H,.
The solid lines of Figs. 3 through 6 are 1/E extrapolaj:ions of
the Born-appfoximation resg.l.ts for representative values of v and V.
‘The 1/E dependence of the cross sections was confirmed by calcula-
tions at loWer energies. Plotted as a broken line on each figure is
the total cross section according to the Gryzinski calculation. For

illustrative purposes the curves arc extended to lower energies than

the Born approximation warrants.

V. DISCUSSION

Our V}alues for measured high-energy breakup cross sections are
in good agreemeni with calculated values for averages over a Franck-
Condon distribution of level populations, 23 when first-Born-approxima-
tion values are used for both the elastic and inelastic electron-scatter-
ing probabilities. Inelastic-scattering contributic;ns from ‘thé Gryzinski
semiclassical approach give apparenfly excessive values for the molec-
ular gases. |

A successful model should also predict the relative values of oy
and 0 ,. Examples of the ratio 0?_/0'.'1 for a few vibrational levels are

given in Table VI. The trend with Z, and the ratios for v=0 and K%
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calculated on the basis ofv‘the Born approximation throughout, are in
rough agreement with our measurements and with the wesults of the
other experiments referenced in this paper. Unfortun:tely, neither
the experimental results nor our kndwledge of the vibrational distri-
bution are precise enough to pernﬁit a good comparison.

The excﬁellent agreement of the avefage cross section in HZ
calculated by'Peek et al. ! (see Fig. 3) with that calculated in the
Salpeter approximation, and the good agreement between our meas-
ured and calculated cross sections in Hy, He, N, and Ar inspired
considerable confidence in the usefulness of Salpeter's approach. As

mentioned earlier, the calculated values of the vibrational excitation

terms (0_) do not make a significant contribution to the cross sections

because they are relatively small for the lower lying vibrational states
(the averaged cross sections correspond roughly to those for v=4 or 5,
which are two of the most heavily weighted levels for Franck-Condon
transitions). However, since op variés inversely with threshold
energy [Eq. (8)], and since the binding energy of the highest vibra-
tional levelis is quite small, -this term becomes extremely large and,
in fact, dominates the cross sections at the highest levels.

The only high-energy experiment that we are acquainted with
that bears on collisional dissociation of the highly excited vibrational
levels was reported by Riviere and S\Vc—:etxnam.24 They measured the
fraction of the total H2+ beam that was in the uppermost vibrational
levels by electricb field dissociation. After passing thé beam through
a gas target sufficiently thick to diséociate a large fraction of the in-

coming beam, they found that the fraction of the emerging beam in the

uppermost levels had dropped only slightly. The small decrease does’
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not necessarily imply a failure in the model, since the férm of Eq. (8)
and the philosophy in which it was used would also 1mp1y very large
cross sections for excitation to neighboring ;vibrational' levels--
suggesting a mechanism for repopulation of the higher levels by an
upward cascade. This characteristic of the cross section, however,

remains to be demonstrated.
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Table I. Cross sections per target molecule in units of 10-18 cm?.

The absolute uncertainties in U‘i and 02 are estimated to be £15% and

+20%, respectively. The uncertainty in the ratio (72/031 is about 20%.

20.9-McV.H," 10.4-MeV H°
Oy v, b v,/04 901
H, 1.53 1.69 3.22  1.10 2.24
He 1.06 1,77 2.83  1.67 1.59
N, 10.9 20.3 34.2 1.88 19.9
Ar 12.3 35.4 47.7 2.87 35,8
1
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2
in units of 10-18 ¢cm2/molecule. &

Table II. Calculated cross sections for 20-MeV H.,' ions in hydrogen,

AR O syt Ay e 4 WK A2

v 94 el Ui,inel b G4, . O2,el ', 92 inel . 92
B G B G B G B G
0 0.24 1.07 6.42 0.02 1.33  6.68 0.51 0.63 1.68 1.14 2.19
‘1 0.26 1.31 6.60 0.02 1.59  6.88 0.54 0.68 1.84 1.22 2.38
2 0.25 1.42 6.34 0.02 4.70  6.61 0.52 0.66 1.83 1.18 2.35
3 0.26 1.58 6.24  0.03 41.87 6.50 0.52 0.66 1.87 1.18 2.39
4 0.28 1.82 6.06 0.03 2.43  6.37 0.54 0.71 2.02 1.24 2.56
5 0.29 2.02 6.42 0.04 2.35 6.75 0.55 0.72 2.10 4.27 2.65
6 0.30 2.24 6.41 0.04 2,58 6.75 0.56 0.74 2.20 1.30° 2.75
7 0.31 2.47 6.41  0.05 2.83 6,76 0.56 0.76 2.30 4.33 2.86
8 0.32 2.72 6.23 0.06 3.10 6.60 0.57 0.79 2.41 1.36 2.98
9 0.31 2.95 6.22 0.07 3.33 6.60 0.56 0.79 2.44 1.35 3.00
10 0.32 3.42 6.28 0.09 3.82 6.68 0.59 0.84 2.67 1.46 3.26
11 0.33 - '3.64 6.19 0.11  4.07 6.63 0.58 0.84 2.68 1.41 3.26
12 0.34 4.18 6.32 0.15 4.68 6.82 0.60 0.89 2.90 1.49 3.50
13 0.34 4.61 6.19 0.20 5.16 6.74 0.60 0.90 3.00 1.51 3.61
14 0.35 5.40 6.05 0.31  6.06 6.74 0.62 0.94 3.25 41.55 3.86
15 0.36  6.17 6.03 0.51 7.04 6.90 0.63 0,98 3.39 41.60 4.01
16 0.36 7.42 5.93 1.05 8.84 7.34 0.627 1.02 3.58 1.66 4.22.
17 0.36  9.12 5.62 3 12.63  9.14 0.65 1.07 3.92 1.72 _4.57
18 0.35 40.3  5.20 29.4 39.8 347 0.67 1.15 4.42 1.82 5.10
2.06 1.25 2.60

Av 0.28 1.96 6.37 0.05 2.29 6.70 0.54 0.71

#The elastic scattering contributions ¢ and 0 ] are calculated in the
1,el , €

Born approximation. The inelastic contributions are calculated for both

The Born and Gryzinski approximations. Total values of 04 and o, are

given in double entry indicating that Born (B) or Gryzinski (G) inelastic

cross sections are used. The Gryzinski calculations are based on molec-

ular values for the excitation and ionization energies. All other entries

are twice the cross sections for a hydrogen atom.
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Calculated cross sections for 20-MeV H *
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1
ipns in helium,

in units of 10-18 cmz/atOm. See Table II foot;lbte.

10
11
12
13
14
15
16

17

18

Av

91, el 91,inel %y T4 92,el 92, inel o
B G B G B G B G

0.12  0.60 1.48 0.029 0.75 1.63 0.55 0.68 2.08 1.23  2.63
0.13  0.68 4.46 0.032  0.84 1.62 0.58 0.73 2.29 4.31 2.87
0.13  0.69 1.26  0.036 0.86 1.43 0.55 0.71 2.28 1.26 2.83
0.13  0.73 1.13 0.041 0.90 1.30 0.55 0.71 2.35 1.25 2.89
0.14 0.81 1.06  0.047 0.99 1.24 0.87 0,75 2,53 1,32 3.10
0.14 o.sf 0;94 0.054 1,06 1.43 0.57 0.76- 2.65 1.33 3.22
0.14 0.93 0.82 0.062 1.13 1.02 0.58 0.78.2.77 1.35 3.35
0.14 1.00 0.70  0.073 1.21 0.9z 0.58 0.79 2.89 1.37 3.47
0.15 1.08 0.58 0.087 1.32 0.82 0.58 0.82 3.00 1.40 3.58
0.14 1.14 0.52 0.105 1,38 0,76 0.57 0.80 2.98 1.38 3.55
0.16  1.29 0.40 0.130° 1.58 0.69 0.59 0.86 3.19 1.44 3.77
0.14 1.35 0.40 0.166 1.66 0.71 0.58 0.84 3.12 1,43 3.7C
0.15 {1.52 0.35 0.220 1.89" 0.72 0.60 0.89 3.27 1.49 3.88
0.15 1.66 0.30 0.307 2.12 0.75 0.60 0.89 3.29 1.49 3.88
0.45 1.92 0.24 0.461 2,53 0.85 0.61 0.92 3.35 1.53  3.96
0.15 2.15 0.18 0.772 3.07 1.10 0.62 0.94 3.42 1.56 4.04
0.15 2.51 0.12 1.58 4.24  1.86 0.62 0.97 3.48 1.60 4.10
0.15 2.96 0.07 4.73 7.84  4.95 0.63 1.00 3.52 1.63 4.14
0.14  3.26 0.02 43.7 47.4  43.9  0.64 1.05 3.57 1.69 4.2
0.14  0.85 1.02  0.079 1.07 1.24 0.75 2.55 1.32 3.42
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in units of 10718 cm®/molecile. See Table II footnote.

* jons in nitrogen,

10
11
12
13
14
15
16
17

18

Av

2.6l P2, inel

%1,el %1, inel “p ¢ 72
_B G _ B G B_ G B G

4.9 3.8 36.0 0.5 9.3 41.4 14.0 5.5 8.4 19.5 22.4
5.3 4.3 48.9 0.6 10.2 54.8 14.9 5.9 9.2 20.8 23.2
5.2 4.4 62.0 0.7 10.3 68.0 14.2 5.7 9.1 19.9 23.3
5.2 4.6 70.9 0.8  10.5 76.7 14.14 5.7 9.3 19.7 23.4
55 5.4 74.5 0.9 11.6 80.9 14.7 6.0 10.1 20.6 24.7
5.7 5.5 .78.6 1.0 12.2 85.3 14.8 6.1 10.5 20.9 25.3
5.8 6.0 81.4 1.2 12.8 88.3 14.9 6.1 11.0 21.2 25.9
5.9 6.4 83.9 1.4  13.6 91.2. 15.4 6.3 11.4 21.4 26.6
6.0 6.9 86.4 1.6 44.5 944 5.4 6.4 12.0 21.8 27.4
5.9 . 7.2 86.4 2.0 15.1 94.3 15.0 6.3 12.2 21.3 27.2
6.3 8.2 92.6 2.4  16.9 101 15.8 6.7°13.3 22.5 29.1
6.2 8.6 90.2 3.4  17.8 100 15.4 6.5 13.4 22.0 28.8
6.4 9.7 94.4 4.4 20.2 105 16.0 6.9 14.5 22.9 30.5
6.4 10.5 94.8 57  22.7 107 16.0 6.9 15.0 22.9 31.0
6.5 12.2  96.1 8.6 27.4 111 16.2 7.1 16.2 23.3 32.4
6.6 13.5 98.0 14.4  34.5 119 16.5 7.2 16.9 23.7 33.4
6.6 15.0 96.8 29.5  531.2 133 16.7 7.4 17.8 24.2 34.6
6.7 16.1 99.2  88.3 111 194 16.8 7.6 19.5 24.4 36.3
6.4 17.1 98.7 816 840 920 16.4 7.9 22.1 25.3 39.4
5.5 5.4 71.3 1.5 12.4 78.3 14.7 6.0 10.3 20.7 25.9
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Table V. Calculated cross sections for 20-MeV HZ+ ions in argon, in

units of 10"

18

cmz/atom. See Table II footnote.

<

10
11
12
13
14
15
16
17

18

01, el o-1,inel o-p 1 o-Z,el GZ,inel 95
"B G B G B G B G

11.0 3.8 16.6 1.7 16.4 29.2 31,6 5.8 7.4 37.4 38.9
10.3 4.2 16.4 1.8 16.4 28.5 33.4 6.2 7.9 39.6 41.4
11.6 4.3 15.2 2.1 18.0 28.9 32.0 6.0 7.8 38.0 39.8
11.7 . 4.6 14.8 2.3 18.7 28.9 34.7 6.0 7.8 37.7 39.6
12.4 5.0 45.1 2.7 20.1 30.2 33.1 6.3 8.3 39.4 41.5
12.6 5.4 14?9 3.1 21.1 30.6 33.4 6.4 8.6 39.8 42.0
13.0 5.8 14.8 3.5 22.3 31.3  33.8 6.5 8.9 - 40.2 42.7
13.2 6.2 14.7 4.2 23.6 32,4 34.14 6.6 9.2 40.7 43.3
13.5 6.8 14.7 4.9 25.2 33,2 34.7 6.7 9.5 41.4 44.3
13.3 7.1 13.9 6.0 26.4 33,3 33.8 6.6 9.6 40.4 43.4
14.2 8.1 14.3 7.4 29.6 35.9 35,6 7.0 10.3  42.6 46.0
13.8 8.4 13.6 9.5 31.7 37.4 34.7 6.8 10.3 41,6 45.0
14.5 9.5 13.8 12.5 36.5 40.8 36.1 7.1 11.0  43.6 47.2
14.4  10.2 13.4 17.5 42.0 45,2 36.1 7.2 11.3  43.3 47.4
14.6 112 12.8 26.3 52.1 53.7 36.6 7.3 12.1  43.9 48.7
14,7  11.4 12.6 = 44.0 70.1 71.3 37.2 7.5 12.5  44.7 49.7
14.8  14.7 12.2  90.1 117 117 37.8 7.7 12.5 45.4 50.9
14.7  12.4 11.2 270 287 296 38.2 7.9 14.1 46,1 52.3
14.4  12.7 9.8 2490 2520 2520 39.1 8.2 15.6 47.3 54.8
12.2 5.3 15.0 4.5 27.0 31,8 33.1 - 6.3 8.5 . 39.4 41.6
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Table VI. The ratio 0'2/(71 for .several vibrational levels with the inelastic

contributions calculated from both the Born and the Gryzinski formulae.

v . H, He N, Ar
0 0.86 - 1.64 2.10 2.28
5 0.54 12 171 1.88
§ 10 ~0.38 094 . 1.33 1.44
A 18 “0.05 0.04 , 0.03 0.02
VB'; 0.55 : 1,23 o v1.67 1.79
0 033 4.64 -‘ . 0.54 o 1.33
5 0.39 2.85 0.30 1,37
10 0.49 | 5.46 0 0.29 1.28
% 18 0.15 0.10 0.04 0.02
'g UG, 0.39 2.52 0.33 1.31

O i

Exptl. 1.10 1.67 1.88 2.87

£0.22 £0.35 +0.38  %0.57
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FIGURE CAPTIONS

Fig, 1. Potential -energy diagram,.
Fig, 2. Experimental arrangement,
Fig. 3. Total breakup cross section, Op =0y + 05 in hydrogen. The

solid lines are the Born approximation results of Table II plus
similar calculations at other energies, These results are in-
vérsely proportional to the HZ+ kinetic energy. The broken line
labeled VG is for an average over vibrational levels, when the
Gryzinski ine}astic cross scections are used, The broken line
labeled prd is the averaged cross section obtained by Peek et al,
in a closure approximation. The square at 20.9 MeV is our gas-
cell measurement, and the cross-hatched area indicates the value
obtained from our internal-cyclotron-beam measurement, with its

uncertainty of £ 30%. Other experimental results are 1. J. Guidini,

Ionization Phenomena in Gases, Munich 1961 (North-Holland

Publishing Company, Amsterdam, 1962), p. 1228; 2. Ref. 9;

3. Ref. 10; 4. Ref. 8; and 5. Ref. 11.

i

Fig. 4, The total breakup cross section, Op = G'l + 0'2, in helium.
See also Fig, 3 caption,

Fig., 5. The total breakup cross section, Op =0y + Ty in nitrogen.
The cross-hatched area (Effat) shows the results of Ref, 6. See
also Fig., 3 caption.

Fig. 6. The total breakup cross section, O =0y + s in argon,
The experimental curve labeled 6 is from Re;f.' 12. The cross-~
hatch'ed area (Effat) shows the results of Ref.. 6. See also Fig. 3

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

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

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

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








