
PHYSICAL REVIEW' A VOLUME 42, NUMBER 1 1 JULY 1990

Measurement of electron capture and ionization cross sections
for D2 in collision with fast 0 + ions

S. Cheng and C. L. Cocke
J. R. Macdonald Laboratory, Department of Physics, Kansas State University, Manhattan, Kansas 66506

E. Y. Kamber
Department of Physics, Western Michigan University, Kalamazoo, Michigan 49008-3899

C. C. Hsu
J. R. Macdonald Laboratory, Department of Physics, Kansas State University, Manhattan, Kansas 66506

S. L. Varghese
Department of Physics, University ofSouth Alabama, Mobile, Alabama 36688

(Received 9 November 1989)

%e have measured cross sections for single capture, transfer ionization, single ionization, double
ionization, ionization excitation, and transfer excitation for fully stripped oxygen projectiles at ener-
gies between 8 and 20 MeV on D2 molecular targets. Coincidences between charge-analyzed projec-
tiles and recoil D+ and D, + products were measured. The time of Aight (TOF) of the recoil, collect-
ed by applying an extraction electric field, was used to separate the D+ from D2+ ions. TOF spec-
tra taken with no field were used to distinguish the D+ ions from different dissociative channels, in-

cluding the electronically excited 2pcr„, 2sog, 2pn. „channels and the double-ionization channel.
The results are compared with two model calculations.

I. INTRODUCTION

Two-electron processes that occur when a fast charged
particle impinges upon a multielectron target have been
frequently studied in recent years. Since He is the sim-
plest system for which such processes occur, much of this
work has been done on He targets. ' Two-electron
transitions are driven both by independent interactions of
individual target electrons with the projectile and by in-
teractions between the electrons themselves following a
single interaction of the projectile with one electron. The
latter processes, which can be quite important for singly
charged projectiles, are usually spoken of in terms of
correlations present in initial or final target wave func-
tions or induced during the collision itself, and include
shakeout, shakeup, and shakeover. When the projectile is
highly charged, as is the case for the system studied in
this paper, the former processes tend to dominate, and
theoretical treatments can be realistically based on the
independent-electron model. Several such treatments
have appeared in the literature, including multiple expan-
sion defined on one center (MEDOC, Gayet and Salin ),
classical trajectory Monte Carlo (CTMC, Olson ) and the
close-coupling method (Janev and Presnyakov ).

En this paper we examine one- and two-electron pro-
cesses that occur when a fast bare nucleus of oxygen is in-
cident on a molecular deuterium target. The choice of
the simplest two-electron molecule as a target has the ad-
vantage that any two-electron transition results in a dis-
sociative state of the molecule, and the detection of the
ionic products allows the extraction of information on

the angular orientation of the molecule at the time of the
collision. It also allows us to use the energies of the ionic
products to distinguish among the various excited molec-
ular ions formed in the collision, and to separate simul-
taneous ionization and excitation from double ionization
for example. We are thus able to extract separate cross
sections for double ionization and for ionization excita-
tion. Such a separation, not possible for He targets, al-
lows a more detailed comparison to be made between ex-
periment and theory.

We report here total cross sections for one- and two-
electron transitions which occur when 8-20-MeV 0 +

ions collide with molecular deuterium. Coincidences be-
tween charge-selected recoil and projectile ions were used
to extract separate cross sections for events in which D+
and D2+ ions were produced. Analysis of the energies of
the D+ ions was used to deduce separate cross sections
for ionization excitation and double ionization channels
accompanying either direct ionization of the molecule or
capture from the molecule.

II. EXPERIMENT

The experimental apparatus is shown in Fig. 1. The in-
coming 0 + beam was collimated by two successive
four-jaw slits S and was cleaned by a magnet M1 before
being focused into the collision region. The charge purity
of the beam at this point is very important to the results
of the experiment because the capture cross sections for
0 + on Dz are several orders of magnitude less than the
ionization cross section. Thus even a small charge state
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FIG. 1. Schematic of apparatus. S denotes adjustable slits,
EF is the extraction field, 2D-PSD is the two-dimensional

position-sensitive detector, and M1, M2 are magnets. (b)

impurity in the beam can give rise to coincidences be-
tween 0 + ions and D2+ or D+ ions formed by simple
ionization which are not caused by true capture from the
Dz target. A small 0 + impurity is easy to come by,
since the cross section for capture from the residual gas is
several orders of magnitude larger than that for capture
from molecular deuterium. At the collision region, D2
gas of a few m Torr pressure was blown at right angles to
and 2 mm above the beam through a multicapillary tube
jet made from a broken channel plate. The D and D2+

ions produced were extracted toward a two-dimensional
position-sensitive backgammon anode detector (2D-PSD)
which was mounted at 90' to the beam direction and was
97.7+1.0 mm from the jet. After passing through the
collision region, the beam was deflected by a magnet M2
to separate 0 + from 0 + and was detected by a one-
dimensional position-sensitive solid-state detector (PSD).
The timing signal from the PSD was used to start the
TAC (time-to-amplitude converter) and that from the
2D-PSD to stop a TAC. A D2 gas target was chosen in-

stead of H2 to avoid contamination of the H+ peak by
protons collisionally liberated from the residual gas. An
aperture of 6-mm diameter was placed between the jet
and the detector to restrict the view of the detector to
only the central collision region. In order to get a
sufficiently large timing signal, signals from the back of
both the first and the second channel plates were summed
and used to stop the TAC. The relative efficiency for the
detection of D+ and Dz+ ions was found to be indepen-
dent of the velocity of these ions for sufficiently high ion
energies into the channel plates and sufficiently low
discriminator settings, and the efficiency was therefore
taken to be the same for these two ionic species. The ex-
traction voltage was about 1000 V to ensure that every
ion, including D+ ions whose dissociation energy might
potentially throw them outside the spatial range covered
by the 2D-PSD, would be collected.

III. DATA ANALYSIS

I

2000 600
COLNTS

(c)

TIMING(ARB. UNITS)

FIG. 2. A typical coincident spectrum and its projections.
(a) Time-of-flight spectrum of coincident D+ and D&+. (b) Posi-
tion spectrum of the projectiles. (c) Two-dimensional spectrum.

transfer ionization (TI),

08++D =0 ++D++D++e; (2)

single ionization (SI),

0 ++Dq --0 ++Dz++e '

double ionization (DI),

08++D =08++D++D++2e; (4)

transfer excitation (TE),

lows the identification of groups from D2, D+, and H
ions. The last of these is created by ionization of the re-
sidual gas. From previous experience with this ap-
paratus, we have determined that the contamination of
the D+ peak by H2+ ions is negligible. Coincident events
located at islands Y88, Y«, Y87, Y87 are proportional to
the relative cross sections for ionization and capture col-
lisions in which D2+ and D+ are created. Notice that, in
the spectrum of Fig. 2, the time spectrum in coincidence
with 0 + is shifted relative to that in coincidence with
0 +. This is due to the fact that projectiles of different
charge state hit the PSD at different places, and the
charge collection time in the PSD is dependent on the lo-
cation of the ionizing event.

From the yields in these islands, with additional infor-
mation as discussed below, we extract six separate cross
sections corresponding to the following six processes:

Single capture (SC),

08++D 07+ +D+

A. The data
0 ++D~ -.0 ++(D~+)*~D+D+;

A typical coincidence spectrum and its projections are
shown in Fig. 2. The time of flight of the recoil ions al-

ionization excitation (IE},

0 ++Dq =0 +(D~+)*+e~D+D++e .
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The asterisk indicates that the Dz+ molecule is elec-
tronically excited, and will always give rise to dissocia-
tion of the molecule. Double capture was experimentally
determined to be immeasurably small over our projectile
velocity range. Double excitation would (a) give rise to
two neutral fragments, (b) autoionize to a bound singly
ionized molecule, or (c) dissociate into a charged ion and
a neutral fragment. Products from channel (a) would go
undetected in our experiment, while those from channel
(b) would be masked by the much larger direct processes
from production of Dz+. Channel (c) would appear as
"ionization-excitation" in our experiment, but should be
much weaker than channel (b) ' . The extraction of six
cross sections from the four areas requires that the pro-
duction of the D+ ions be further separated into events in
which a single D+ ion is created and those for which two
D+ ions are created. This separation is not only desir-
able but necessary to the interpretation of any of the D+
data, since the probability per collision for detecting a
D+ is approximately a factor of two larger for the double
ionization case. The data must be further corrected for
substantial double collision contributions to the Y87 is-
lands (i =1,2).

C. Identi6cation of the dissociation channels

%hen a Dz molecule is created in either a simple ion-
ization or a capture collision, there is a substantial proba-
bility that the remaining electron will be electronically
excited. All electronically excited states of Dz dissoci-
ate, yielding D+ ions. However, D+ ions may also come
from the doubly ionized molecule Dz

+ which dissociates
into D++D+. Since the efficiency to detect an event in
which one D+ is created is different from that to detect
an event in which two D+ ions are created, we have to
separate the D++D+ channel from the D++D channel
in order to interpret the data correctly. This separation
was performed by using the energy spectra of the ionic
D fragments produced in the dissociation process. The
technique has been used previously and discussed in de-
tail by Wood et al. and other authors. " ' Figure 3(a)
shows the relevant potential energy curves for the main
dissociative channels of Dz involved. Because the ini-
tial vibrational state of the Dz molecule represents a dis-
tribution in internuclear distances, Frank-Condon transi-
tion to a dissociative potential curve will produce a
reflected spread in the energy of the dissociation frag-

B. Corrections for double collisions

The yield of events in each of the islands in Fig. 2 is
influenced by double collisions in which the 0 + captures
a single electron in the residual gas or the target gas in
one collision and ionizes the Dz target in a second col-
lision. The details of the correction are quite lengthy and
complicated and are described in Appendix A, but we
give a summary here. Since the cross section for ioniza-
tion of Dz by either 0 + or 0 + is two to three orders of
magnitude larger than that for capture from Dz, an 0 +

contamination in the 0 + beam of a few parts per
thousand is sufficient to give a double collision yield of
contaminant events, which result in the detection of 0 +

ions coincidence with a recoil ion, comparable to that
which comes from a true capture in a single collision. To
first approximation, the double-collision contributions to
the Y&7, Y87 islands are given by the product of the num-
ber of counts in the Y88, Y88 islands multiplied by the
mean charge state impurity
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where P(x ) is the yield of x.
A typical fraction of f in our beamline was about 1

part in 2000, with a background pressure of 10 mTorr
and an energy of 1 MeV/amu. The actual correction
made was based on the analysis of the system in terms of
three charge exchange regions: before, at, and after the
collision region. The major correction is for the Y87 is-
land, from which a double collision contribution as high
as one-third of the raw yield must be subtracted. The
correction in the ionization channels is negligible.

- I.O
2 4 6

INTERNUCLEAR DISTANCE (au.)

FIG. 3. (a) The potential curve of a Dz molecular ion. The
mean released kinetic energy E& is shown for the 2po. „and
D++ D+ channels. (b) Calculated kinetic energy distributions
of 2po „,2so ~, 2pm„, and double-ionization channels.



217TRON CAPTUTURE AND IONIZATION. . .MEASUREMENT OF ELEC

nical calcula-has used a quantum-mechanicments. Wood' has use a q
imation to calculatehe reflection approxim

f H ddistributions or athe expected energy
el small. We haveifferences are extreme y

used the reflection approx'
'

t aroximation to ca

8MeV

I I

IO MeV

D+ D+ed distributions for the p
a D target and show t e resuchannels from a 2

btained by measur-tal s ectra were o3(b). The experimental p
s ectra of the D ions wiith no extrac-

d0
h

'
ence with 0 an

0 MeV. Figure s ow
ith 0 +. An absolute velocity

f th TAC ti 1ed b calibration o e
t d't"tor drement of the targe-and careful measurem

back round su trac et d and convertedThese spectra were bac g
s ectra and were norma

'
lized such thatto kinetic energy spec r

was unity. The re-the area enclose yd b each spectrum wa
was considered toental energy spectrum wa

bl '"" d"t"butof four possi e en
f Dto the production opo g o p

linear least-squares in
~ ~

p
perimental spectra o a
Fi . 3(b). Figure s o

d th' f"""n'1o & gpoc
ur contribution c anne

d
'

d '1Tables I an d II Further data re uc ion
in Appendix A.

IV. RESULTS AND DISCUSSION

I2.5 MeV

I I

I6 MeV

sections obtained as described above

1 1

=o' +uT, +o'rE) for - e s+cross section (crTc-
for the same systema ture cross section orD to the total cap2

ders ' The final resu s a1 lt are tabulated in
bars in Ta ea e

ne is from uncertainties o
h 1 1II. These fractions en e

h the error bars o th setion of all cross sec
'

tions, and t us e
its of the calculatedreflected in the resu s ofractions will be re
section errors fromo evaluate the cross sec

'

t is source,rce we calculated cross sec ion

D

~ ~2p7r

2.0
I

5.0
I

4.0 5.0 6.0

I.O

I

3.0
I

5.0 7.0 Time of Flight (~sec)

TIME OF FLIGHT Qs)

f D+ ions coincidentIG. 4. Typical time-of-fl g p- i ht s ectra or
with 0'+ of energies 8 —20 M

F

4 nd the fitted curve at1 data from Fig. anFIG. 5. Experimental da
1 data, the solid lines are the experimenta a a,e, dashes are t e con rh fitted curve, and the dasist e e

ted in the figure.divi ua c1 hannels as indicate



218 CHENG, COCKE, KAMBER, HSU, AND VARGHESE

Energy
{MeV)

TABLE I. Fractions of D yield from di6'erent channels in coincidence with 0'+.

D+ D+

8
10

12.5
16
20

0.49+0.06
0.44+0.06
0.38+0.05
0.36+0.05
0.30+0.04

0.34+0.04
0.39+0.05
0.41+0.06
0.42+0.06
0.46+0.06

0.05+0.02
0.04+0.02
0.05+0.02
0.06+0.02
0.05+0.02

0.12+0.02
0.13+0.02
0.16+0.02
0.16+0.02
0.19+0.02

by varying the fractions in Tables I and II from their
upper to lower limits. The deviations of the resulting
cross sections due to the variation of these fractions were
designated as e, . The second contribution includes ran-
dom errors in counting statistics, relative gas pressure
measurement, and background level determination, all of
which are reflected in the reproducibility of the results.
%'e dealt with this contribution by taking the mean frac-
tions in Tables I and II to calculate the cross sections of
repeated runs at a given energy. The standard deviation
of the mean cross section was noted as e2. Approximate-
ly considering these two contributions as uncorrelated,
we combined two deviations quadratically by using the
formula e=(e&+ez)' to get the final relative error
bars, which are given in Table III. In addition, there is
an overall uncertainty of 15% in the absolute normaliza-
tion.

In Figs. 6 and 7, we plot all cross sections we measured
as a function of impact ion energy. The single capture
cross section falls off rapidly when the bombarding ener-

gy increases while the single ionization cross section stays
flat over a wide energy range (8—16 MeV) and then falls
off. These features also are reflected in the cross sections
involving two-electron processes. In an independent elec-
tron model, the cross section for a two-electron process
can be written in terms of the b-dependent probabilities
for the corresponding one-electron processes. Taking
transfer ionization as an example (generalization to other
cases is evident), this gives

oTr=2vr 2Pc b PI b b db (8)

where P~ and PI are single-electron capture and ioniza-
tion probabilities, respectively. By forming the ratio
o T~/ore= fPc(b)PI(b)b db / fPc(b)b db, one obtains a

weighted average PI over an impact parameter range

given by the requirement that capture occurs. One ex-
pects Pc to be concentrated at much smaller b than Pi
for these collisions, and thus one can evaluate an average
probability for ionization and excitation "at small b"
from the ratios crT, /crrc and orE/crTc. Similarly, the
corresponding average probability for ionization and ex-
citation "at large b" are given by the ratios o D&/o &

and
cr,E/o, (o I =o s, +cr,E+o D„ total ionization). Some
qualitative interpretation of the trends of these
weighted-average probabilities can be made from our
data. In Fig. 8 we plot the ratio of the cross section for
each of these two-electron processes to that for the relat-
ed one-electron process. For energies between 8 and 20
MeV, the ratio of o.T, to total capture o Tc is consistently
larger than the ratio of o.

D& to total ionization o.i. Thus
the impact parameter averaged probability to ionize an
electron is bigger at small b than at large b, as would be
expected. A similar situation exists in the case of exciting
the second electron. For excitation an interesting feature
is revealed by the near energy independence of the
o,E/or and o TE/o rc ratios in Fig. 8. It appears that the
average probability for electronically exciting an electron
is not particularly sensitive to bombarding energy for
large b(a&E/o, ) or small b(crTE/ore) Indeed, it. is only
a factor of about 2 larger for o.TE than for o,E. This is in

contrast to the case for the average probability for ioniza-
tion, given by the crT, /o Tc and oD&/or ratios in Fig. 8,
where this probability is seen to decrease rapidly with in-

creasing energy and to be nearly an order of magnitude
smaller for small b. The general conclusion to be drawn
is that the greater the ionizing power of the projectile
(slow moving or small b), the more important the ioniza-
tion process is compared to the excitation. We are not
aware of any observation of this feature in previous ex-
perimental or theoretical work.

We can compare our results with the results of two

TABLE II. Fractions of D yield from different channels in coincidence with 0'+.

Energy
{MeV)

8
10

12.5
16
20

D+D+

0.74+0.05
0.68+0.05
0.61+0.04
0.56+0.04
0.45+0.04

2p&u

Q. 14+0.03
0.16+0.04
0.18+0.04
0.21+0.04
0.23+0.05

2$0 g

0.05+0.02
0.06+0.02
0.08+0.02
0.08+0.03
0.06+0.03

2p 7Tu

0.07+0.03
0.10+0.03
0.13+0.03
0.15+0.05
0.26+0.05
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TABLE III. Cross sections (in units of 10 "cm') for 0'+ on D2 at energies 8-20 MeV. The error bars given for these cross sec-
tions do not include the absolute overall normalization uncertainty of 15%%uo.

E
(MeV)

12.5

3 ' 8

+0.42

1.9
+0.18

0.74
+0.10

5.7
+0.45

2.0
+0.20

0.68
+0.06

SI

1250
+19

1300
+27

1350
+28

DI

148
+19

119
+16

89
+10

total

3.72
+0.72

1.8
+0.31

0.81
+0.10

2p~u

2.0

0.90

0.37

TE

0.72

0.34

0.17

2p Ku

1.0

0.56

0.27

total

286
+34

281
+33

271
+22

2pcT „

191

196

179

IE
2$0 g

20

22

2p ~u

67

65

70

16 0.45
+0.05

0.25
+0.03

1240
+26

66
+9.0

0.36
+0.04

0.17 0.066 0.12 220
+18

21 55

20 0.12
+0.01

0.043
+0.005

970
+9.0

37
+5.0

0.098
+0.011

0.041 0.011 0.046 159
+10

105 43

theoretical calculations. ' ' Shingal used a simple
model in which a D2 molecule was described as an atom
with two independent electrons. The effective charge of
this model atom was adjusted such that the binding ener-

gy of the outer electron was the same as that in the D2
molecule. A multistate semiclassical impact parameter
method was then used to perform the calculation.
Single-electron transition probabilities were calculated

I g I
J

I I & $ ) 1 I I I
/

I I

and two-electron transition probabilities were evaluated
using products of these probabilities as discussed earlier.
His results are shown in Table IV. Meng, Reinhold, and
Olson ' used the CTMC method to calculate the cross
sections for our system. The results are shown in Table
IV also. Generally, both calculations are in fairly good
agreement with our experiment results. For the strongly
populated channel, i.e., the single ionization channel,
both models give fair agreement. The agreement between
the experimental and theoretical results are poor for the
o TE, o T&, cr,E, and o D& channels taken separately, but are

-17
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FIG. 6. Cross sections for 0'+ on D2. Open circle, single
capture (SC); solid circle, transfer ionization (TI); open square,
total capture (TC); dashed line, Ref. 19 (TC); open triangle,
transfer excitation (TE).

s i s i I s s s s I a s g s I s a s

5 IO I5 20 25
EhKRGY (MeV)

FIG. 7. Cross sections for 0'+ on D2. Solid square, total
ionization (I); open square, single ionization (SI); open circle,
double ionization (DI); open triangle, ionization excitation (IE).
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ionization, appear to be interpretable in terms of indepen-
dent two-electron models. The experiment indicates that
the probability for electronic excitation of the molecule
by an 0 + projectile in our energy range is large and re-
markably weakly dependent on either projectile energy or
impact parameter. Model calculations which otherwise
give fair agreement with our results do not seem to offer
an explanation for this result.

The use of the molecular target allowed the experimen-
tal isolation of excitation channels, since ionic fragments
are produced. These fragments contain information not
only about final channel distributions, but also about the
dependence of both one- and two-electron transition
probabilities on the angle between the beam and the
molecular axis. The present work, separating the chan-
nels in total cross section, is preliminary to studies of this
molecular orientation effect.

FIG. 8. Ratios of cross sections for 0' on D2. Open circle,
transfer excitation over total capture (crTE/o. Tc); solid circle,
transfer ionization over total capture (o.T&/~Tc); open triangle,
ionization excitation over total ionization (0&E/oi); solid trian-
gle, double ionization over total ionization (0.»/o I ).

better if the ionization and excitation cross sections are
summed (for example, a rE+o'r&, cr&E+0 D&). Both calcu-
lations predict that excitation is consistently weaker than
ionization, while the experiment indicates that excitation
is about to have the same order of magnitude as ioniza-
tion at small b and is the stronger process at large b.

V. CONCLUSION AND SUMMARY

The major features of the cross sections we have mea-
sured for one- and two-electron capture, excitation and
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APPENDIX A: DATA REDUCTION

We describe here the procedure used to go from the
raw measured yields Yqq from spectra such as that
shown in Fig. 2 to the six cross sections deduced. The
notation is that q is the projectile charge (q =8), q' is the
final projectile charge (q'=8 or =7), and i, the mass in
amu of the recoil ion, is l (D+) or 2(Dz ). The first step
was to convert each yield into a yield per incident parti-
cle y ~ by dividing the raw yield from each island by the

TABLE IV. Theoretical cross sections (in units of 10 "cm') for 0'+ on D2 at energies 8-20 MeV.

(MeV) SC TE SI DI Note

10

12.5

16

20

1.74
1.77
3.8

0.66

0.74

0.68
0.45

0.35

0.12

4. 1

13.6
5.7

1.2

0.68

0.37

0.043

1.0

3.72

0.21

0.81

0.086

0.098

1730
1120
1250

1144
1300

1490
930

1350

811
1240

1210
714
970

593
58.6

148

478
119

445
406

89

315
66

248
260

37

130

286

85.7

271

58.7

159

T'
Tb
Ec

Tb

E'
T'
Tb
Ec

Tb
Ec

T'
Tb

Ec

'Theory, Shingal (Ref. 20).
Theory, Meng, Reinhold, and Olson (Ref. 21).

'Experiment, this work.
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total number of beam particles incident on the target dur-
ing the run, as determined from the PSD spectrum, and
correcting for computer dead time. All further analysis
is done in terms of the yq q

.

1. Double collision corrections

a. Capture outside the collision chamber

It can be readily shown that the double-collision yield,
designated by y s 7 (DCA ), due to capture in the residual
gas before the chamber followed by ionization of Dz, or
ionization of Dz followed by capture in the gas after the
chamber is given by

ys 7(DCA)=y's sFP, (Al)

where F is the charge-state fraction of 0 + in the 0 +

beam measured with no Dz in the target chamber and p is
the ratio of the weighted average of the cross section for
ionization of Dz by 0 + and 0 + to that for ionization by
0 + alone, and is close to unity. The weight of the 0 +

cross section to that of the 0 + fraction is in the ratio of
the distance traversed by the beam after the collision re-
gion to that before the collision region. Only distances
between the magnets M1 and M2 in Fig. 1 enter. In our
case, we estimated the ionization cross sections for 0 +

and 0 + to be in the ratio of (7/8), resulting in a value
for p of 0.85 for our geometry.

b. Capture in the collision chamber

The analysis is complicated by the fact that some of the
double-collision events which result in charge exchange
are not detected because the true ion coincidence yield
from the charge-exchange collision is detected first. Thus
a simple analysis in terms of charge state impurities is re-
placed by a more detailed analysis, which gives the fol-
lowing expressions for the double collision contributions
caused by capture in Dz in one collision and ionization of
Dz in another, designated by y s 7 (DCB):

Only double collisions corresponding to electron cap-
ture in one collision and ionization of the D, gas in a
second collision are important. %e consider separately
events for which the charge exchange occurs in the back-
ground gas before or after the collision chamber and
those for which the charge exchange occurs with the D~
gas in the collision chamber itself. This separation is
necessary, since some of the double-collision events
occurring in the latter case are masked by detection of
the true single-collision products resulting from the cap-
ture part of the collision, and special consideration of the
relevant detection efficiencies enter.

created alone anywhere in the Dz target will be registered
by the channel plate detector. The average efficiency e, is
the probability that a collision of 0 + with D~ producing
an 0 + and one or more D+ ions, (DI or IE, both of
which contribute to the Ys s island) will result in the
detection of a D+ ion. Because DI events give rise to two
D+ ions and IE gives rise to only one, e8 will depend on
the relative cross sections for DI and IE, and thus the in-
formation deduced from the TOF spectra listed in Table
I, along with e, enter into the calculation of e8. It can be
shown that e8 is given by

where

(2 —e)+Ps
(1+Ps)

(A4)

1 —1 (2 —e), (A5)

2. Cross-section determinations

and F8 is the fractional contribution of the D+ —D+
channel in the TOF spectrum taken from the first column
of Table I. For example, at 8 MeV, F8=0.49. The
efficiency e7, the weighted average detection efficiency for
TI plus TE, is found from an identical expression with
the subscript 8 replaced by 7, and F7 taken from the first
column of Table II.

Expressions in Eq. (A2) and (A3) are similar to that in
(Al), and nearly have the form of a product of an ioniza-
tion yield with the probability for capture in the target
gas. The added complexity comes only because the
detection of one recoil excludes the detection of others.
In the limit as e goes to zero, Eq. (A2) and (A3) revert to
expressions resembling (Al), with the charge exchange
fraction F replaced by one calculated from the measured
capture probabilities in the Dz gas.

The efficiency e was determined by requiring that the
increase of the 0 + charge-state fraction with D~ pres-
sure observed as single in the PSD agreed with that cal-
culated from expressions (A2) and (A3). We found e to
be equal to 14%. This rather low value is attributed to
several factors including the effective open area ratio of
the channel plate, the transmission of three grids in front
of this detector and exclusion of part of the Dz target
from the field of view of the detector in the region before
and after the gas jet itself. We established experimentally
that, for sufficiently high channel-plate voltage and low
discriminator setting, the relative yields of D+ and Dz+
ions was independent of the energy of the ions striking
the front channel plate, and thus believe the assumption
of a single universal e for both D+ and Dz is justified.

(1 —e, )y' (DCB)=—y8, 8 y~, 7 y8, 7
8 7

{A2)
The yield of each island was first corrected for double

collision events to obtain corrected yields for each of the
four islands, designated y' ~ (single collision):

y s 7 (DCB)=—'y s s y s 7 +y s 7
E7

(A3)

Here e is the probability that a single D+ or D&+ ion

y' .(corr)=y', —y' ~ (DCB) (A6)

The yields were then divided by the appropriate
efficiencies and, for DI, IE, TI, and TE, multiplied by fac-
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tors deduced from F7 and F8 to reflect the fractions of
the yields due to the production of DI and IE or TI and
TE. These factors can be shown to be simply the p7 and

p[[ defined in the previous paragraph. The resulting

yields were then normalized to the target pressure P and
multiplied by a single universal normalization factor N to
give the final cross sections. The final expressions are

+D[ y8, 8Np8/('4P ) ~

0[E=y [[sN(1 —Ps)/(E[[P),

0 sc=y s 7 (corr )N/(eP ),
(7T[ y II 7 {corr )Np7 /( E7P )

oTE=y[t 7(corr)N(1 P7)/—(e,P)

(AS)

(A9)

(A 10)

(Al 1)

(A12)
o s[ =y [[ 8N/(eP ), (A7)
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