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Effect of the projectile charge on the ionization and excitation
of hydrogen molecules by fast ion impact

E. Wells, I. Ben-ltzhak, K. D. Carnes, and Vidhya Krishnamurthi
J.R. Macdonald Laboratory, Department of Physics, Cardwell Hall, Kansas State University, Manhattan, Kansas 66506
(Received 5 May 1999

The ratio of double ionization to single ionizati¢b! to Sl) as well as the ratio of ionization excitation to
single ionizationIE to SI) in hydrogen molecules were studied by examining the effect of the projectile charge
g on these processes. The DI to S| and IE to Sl ratios were measured at a fixed V@oeigponding to 1
MeV/amu from q=1 to 20. For a highly charged &l projectile, for example, the DI to Sl and IE to S
ratios are 13% and 46%, respectively, which is a large increase from the ratios of 0.18% and 1.95%, respec-
tively, for H* projectiles. The DI to Sl ratio initially increases much more rapidly with projectile charge than
the IE to Sl ratio. The measured rate of increase of both these ratios decreases for highly charged projectiles.
These trends are in agreement with a simple model calculation based on the independent electron approxima-
tion. [S1050-2947®@9)07011-7

PACS numbd(s): 34.50.Gb

[. INTRODUCTION two-electron target where the IE process can be identified
from the measurement of the *H-H(nl) channel, rather
Helium provides the most basic system to study two-than making more difficult measurements of photons. Single
electron processes in ion-atom collisions and has been thenization can lead to H+H(1s) in a small percentage
subject of much research. In particular, the ratio of doublg1.45% of cases and must be separated from the IE channel
ionization to single ionizatioriDI to Sl) of helium by both  [6].
photons and charged particles has been of great experimental Most of the previous studies of the DI to Sl ratio for the
and theoretical interest in recent yediis-4]. The constant hydrogen molecule have concentrated on the dependence on
ratio reached at the high velocity limitorresponding to low the sign and mass of singly charged projectiles. For example,
values of the ratio of projectile charge to velocity,v ) Edwardset al.[7] measured the H+H™ yield produced by
indicates that double ionization is caused predomimantly byntermediate velocity electron and proton impact, using a
electron-electron interactions initiated by the ionization ofback-to-back detection system. The'Hyield, however, had
one electron by the incoming projectile. At lower impactto be measured using a different apparatus, leading to some
velocities, double ionization is dominated by the direct inter-uncertainty in the absolute magnitude of their data, as they
actions between the projectile and both target electronshave discussed in a later publicati@]j. Bapatet al.[9] have
McGuire has pointed out that, for intermediate values ofmeasured the ratio of two-electron processes to one-electron
g/v,, interference between the two mechanisms can occysrocesses in collisions between protons of 16—25 a.u. veloc-
[5]. ity and H, and D, targets. Kossmanet al. [10] have re-
Another two-electron process is ionization excitatits). ported measurements of double- and single-ionization cross
In this process, one electron is ionized from the target andections of H due to fast electron impact. Ben-ltzhakal.
the second is left in an excited state. The behavior of the Ihave measured the velocity dependence of the DI td S|
process is expected to be similar to the DI process, since and IE to SI[6] ratios for fast proton impact.
smallg/v,, electron-electron interactions started by the ion- There have been, however, comparatively few experi-
ization of one electron are expected to dominate, and anents investigating the double ionization and ionization ex-
larger values ofj/v,, the direct interaction of the projectile citation of a hydrogen molecule as a function of projectile
with both target electrons dominates. Determining the IEcharge. Shah and Gilbod$2,13 have measured the ratio of
yield experimentally for a helium target is difficult, however, dissociative to nondissociative ionization of, by H™,
since one must measure the emitted photons. In contrast, thée?", and LP" projectiles. Krishnakumaet al. [14] re-
hydrogen molecule offers a similar two-electron target inported results for IE to SI for fag8.3—7.0 MeV/amyuC®™,
which |E is immediately followed by dissociation into*H 0O®", and 3% projectiles where the measured values were
+H(nl). This is due to the fact that all of the potential- corrected for dissociative ionization of the,H electronic
energy curves of the excited electronic states of Hire  ground state, and contributions from double ionization were
dissociative in the Franck-Condon region. ThereforgjdHa  considered negligible. Chereg al.[15] measured cross sec-
tions for single ionization, double ionization, and ionization
excitation of D, by 0.5-1.25 MeV/amu & projectiles. In
* Author to whom correspondence should be addressed. Electronfiis study we utilize the coincidence-time-of-flight technique

address: ibi@phys.ksu.edu described in Sec. Il to directly measure the IE to Sl and DI to
"Present address: Etec Systems Inc., 26460 Corporate Ave., Hafl ratios for projectiles ranging in charge frape1-20 at a
ward, CA 94545, fixed velocity corresponding to 1 MeV/amu. In Sec. Il our
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results are compared to the previous measurements discuss 100000 f~ T+ T
above. In addition, since there is a lack of theoretical treat- F
ment for the hydrogen molecule compared to the helium 10000
atom, due to the complications associated with a two-cente| i
potential, we offer a simple model calculation for the DI to ©
Sl and IE to Sl ratios in Sec. Ill. Two new points are em- f—_’
phasized in this paper. First, all of the charged products from 3
each collision are measured, allowing the determination of 10k
the DI to Sl and IE to Sl ratios directly without assumptions E
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The major advantage of the coincidence-time-of-flight ex- £ 30+ 3i0:5:6.2
perimental technique is the identification of all recoil@®n ;= , ]
produced in each collision. Many of the details of our appa- O |
ratus are discussed in Refé6,17], and we will only discuss 10 '
the main points here. A bunched beam of | I L
(H+, Li(273)+, C?+,5+,6+, F(479)+, Cu14+,20+) projectiles 10 20 30 40 50 60
was accelerated to 1 MeV/amu by the J. R. Macdonald Labo- TOF, (6.1 ns/ch)

ratory EN Tandem Van de Graaff accelerator, collimated,

and direCted.ir.]to a target Celllcontaining a thin hydrogen-gas FIG. 1. Represenative raw coincidence-time-of-flight data for 1
target. Recoil ions produced in th_e target cell were extractea,/, -+ + HD. Top: Singles spectra. Bottom: lon-pairs spectra.
and accelerate_d towardZas_taqk mlcr_ochannel plate d(_atector The vertical axis is the time of flight of the first fragment; the
by a strong uniform electric fiel@ypically 1200 V/cm in @ norizontal axis is the time of flight of the second fragment.
time-of-flight spectrometef16]. The time of flight of the
different ions was recorded by a multistop system relative talependent of the angular distribution of the fragments.
a common start signal synchronized with the beam bunch. ~ The ionization excitation of hydrogen molecules is deter-
The CY" beams, however, could not be bunched prop-mined from the contribution of single Hand D" fragments.
erly due to the mass of the projectile. In this case, a dc bearfll the excited states of HD are dissociative within the
was used, and a signal from a scintillator, serving as a proFranck-Condon region, and the fragments typically have a
jectile detector, was used as the common stop. For the dew eV (>2 eV) of kinetic energy. Thus, the dissociation of
beam case, a simulation was used to correct for randorthe excited states can be separated from the very slow
stops—projectiles that preceded the true projectile by les§<0.5 eV) H" and D" fragments resulting from the disso-
than the time difference between the recoil ion and the trugiation of the electronic ground state of FIDwhich takes
projectile (see Ref[18] for further detail$. place if the vertical transition populates the vibrational con-
To improve the accuracy of the measurement of thedinuum. The contribution of the ground-state dissociation
double-ionization channel we used deuterium hydride. Fochannel was measured using a weak extraction field as pre-
this isotope of the hydrogen molecule, the flight time of theviously described in detail by Ben-ltzhaik al.[6]. For high
two fragments is significantly different, even when using theprojectile charge, however, it became difficult to evaluate the
strong extraction field needed to collect all fragments. Ex-ground-state dissociation contribution due to the increased
plicitly, the time of flight of D" was about 100 ns longer amount of fast fragments from the IE channel. In these cases,
than that of the HI fragment, which is much longer than the the value of ground-state dissociation by fast proton impact
time spread caused by the kinetic energy released in the digvas usedassuming that ground-state dissociation is due to
sociation for the experimental conditions used. The mass ditthe overlap between the initial and final vibrational wave
ference between the HD and, lisotopes is not expected to functions, and, thus, is independentg)f To determine the
affect the electronic transitions during the collision signifi- yield of the IE channel, the contribution of slow"Hand D"
cantly, as they are the same within the Born-Oppenheimefragments was subtracted from the yield of thé Bind D*
approximation. Typical one- and two-dimensional spectraragments measured with a strong extraction field.
are shown in Fig. 1. In our data analysis, we have assumed The DI to Sl ratio is evaluated by comparing the number
that the angular distribution of fragments resulting from theof [H™ + D] ion-pair events (H in coincidence with D)
double ionization of hydrogen molecules is isotropic, as wago the number of HD recoil ions. The ratio of IE to Sl is
shown, for example, by Edwaras al.[19] and Yousifet al.  evaluated by comparing the sum of ind D" single events
[20]. However, if this process is not isotropic, it will have to the number of HD. Three corrections must be made to
only a minor effect on our results because we have angulahe raw data in addition to dividing by the proper detection
discrimination effects on less than 10% of the target lengthefficiency of each channeli) Random ion pairs are sub-
Thus, the contribution from most of the target length is in-tracted from the DI yield. These are events in which both a
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i T T two different projectiles. The DI to Sl and IE to Sl ratios
@ = ] were consistently higher for the projectiles with the higher
. 1 Even when neither projectile was fully stripped®(Fand
«% I C®"), the projectile with higheZ had higher DI to Sl and IE
- ] to Sl ratios. Cocke and Monteneg®2] have discussed the
1 enhancement of ionization cross sections in collisions be-

tween dressed projectiles and light atomic targets. In a colli-
r+ o T 7 sion between a tw@or more electron target and a bare pro-
1F = - jectile, ionization (or excitation by an electron-electron

— 3 interaction is a second-order process. If the projectile is
] dressed, however, ionizatidor excitation of both collision
partners is possible by first-order electron-electron interac-
tions. Some DI and IE processes in the collisions under
study, therefore, happen at a small enough impact parameter
that the projectile cannot be treated as a point charge. The
fact that the DI to Sl and IE to Sl ratios increase with the
number of projectile electrons might be evidence that DI and
IE processes are more strongly affected by this “antiscreen-
ing” effect than the Sl process. We have not conducted a
careful study of this matter and only wish to point out that
the effect of the projectile electrons can account for some of

R (%)

q the scatter in our data, in particular with the fluorine projec-
tiles, which ranged from ¥ to F°*.
FIG. 2. () The ratiosR of DI to SI ((J) and IE to SI (\) While the contribution of double ionization to the disso-

measured in this experimertb) The ratio of DI to IE (O) mea-  ciative ionization channel is negligible for proton impact, it
sured in this experiment. The solid line (h) is a linear fit of the  is clearly not negligible for more highly charged projectiles
data forg=2. In both plots the solid symbols represent bare pro-at this velocity. Any attempt to deduce the amount of IE
jectiles. from the dissociative ionization channel based on the as-
sumption that DI is a negligible contribution to the dissocia-

D" and a H recoil ion are recorded for the same beamtive ionization channel14] would yield results with only a
bunch, but they do not originate from the same moleculelimited accuracy for our measurements, since DI accounts
This channel can be estimated by using the purely randorfor 20% to 30% of the dissociative ionization fqe=2. Of
[H*+HD"] and [D*+HD"] ion-pair channels, which course, this assumption is not needed in our case, since the
must come from double collisions in the same beam bunci®! is determined directly from theH™ + D™ ] ion-pair yield.
[21]. (ii) “Lost fragments” from ion-pair events must be Furthermore, in previous experiments using &b a target,
subtracted from the IE yield. These are double-ionizatiorthe contribution of DI to the measured*Hyield might be
events in which only one of the two recoil ions was detectedgven larger, because the detection efficiency of at least one
because the detection efficiency is smaller than[@d¢ (iii)  fragment out of two, in those cases, might be close to twice
The yield of slow H and D" fragments from ground-state the detection efficiency of one fragment out of one, depend-
dissociation, as described above, has to be subtracted froimg on the efficiency of the detection system used.
the IE channel and added to the Sl chariéél The charge dependence for the DI to IE ratio is different
for a change ofy from 1 to 2 than it is for changes starting
aboveq=2. This could indicate that while at=1, most DI
is the result of electron-electron processesqgby2, there is

The measured IE to SI and DI to Sl ratios are shown in@h onset of a significant contribution from direct interactions
Fig. 2(a) as a function of projectile charge, fq=1-20, at a between the projectile and both target electrons. For IE, how-
fixed collision velocity corresponding to 1 MeV/amu. ever, the change betweep=1 andq=2 is less severe, in-

The DI to Sl ratio begins to increase rapidly as a functiondicating that the direct interactions between the projectile
of the projectile charge from an initial value of 0.184% for and both target electrons are already a factor in I§-at.
proton impact, but slows its increase somewhat qor4. We have employed the independent-electron approxima-
For C1?°*, the value of the DI to Sl ratio reaches 13%ee  tion [23,24 to formulate a model for the DI, IE, and Sl
Fig. 2@)]. The IE to Sl ratio shows a similar rapid increase processes we have measured for interactions with bare pro-
with projectile charge, increasing from 1.95% for proton im-jectiles. The following impact-parameterb)-dependent
pact to about 25% for ¥ projectiles. The rate of increase quantities are defined®,(b) is the probability for ionization
then slows somewhat, reaching a value of 46% fof%u  of the active electron, anBlg(b) is the probability for exci-
The ratio of DI to IE also increases slowly with projectile tation of the active electron to all possible final states. The
charge, approximately linearly fay>2 as can be seen in Cross sections for the DI, IE, and Sl processes can then be
Fig. 2(b). Note the rapid change in the DI to IE ratio betweenWritten as follows:
g=1 andgq=2.

The influence of projectile electrons can be seen in t.he crg,=27erP|2(b)bdb, (1)
data forgq=3, 5, and 6 where we have measurements with 0

Ill. RESULTS AND DISCUSSION
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U?E=277J:2P|(b)PE(b)bdb, 2)

ads,=2wJ:2P|(b)[l—PE(b)—P|(b)]bdb. 3) | I |

Using these three equations all of the measured ratios are
determined. We have used the common technique of choos-

ing P,(b) and Pg(b) to be exponential function&ee, for g ‘
example, Refg.25—27), since values oPg(b) for hydrogen post * DEE;/SI
molecules are not readily available in the literature. For pro- ; : ES)
ton impact,P,(b) and Pg(b) are 3 P
Pi(q=1b)=P,(0)e” ", 4 Model
I DI/S|
_ _ Y N S IE/SI
Pe(q=1b)=Pg(0)e e, (5) L 5 e
The parameter®,(0),Pg(0),a,, and ag were determined 0.1 oy, o, Ze———
by fitting to the experimental data. The probabilities for pro- 0 2 4 6 8 10
ton impact were then scaled with projectile charge such that q

for a projectile of charge they are _ )
FIG. 3. Comparison between experimental data for the DI to SI

P,(b)=P,(g,b)=0%P,(g=1)), 6 (O), IE to SI (A), and DI to IE ©) ratios, from impact on hy-
(D)=Pi(a,b)=a"Pi(q ) © drogen molecules by bare projectiles (HLi®*, C®", and P*)
and our model calculations.

Pe(b)=Pg(q,b)=g’Pe(q=1b) (7)
(see, for example, Hansteen, Johansen, and Kock28h _ J"” _A4mP(0) _
While this approximately agreed with the observed ratios of Tsi=2m 0 2Py(b)bdb a|2 145 ait (9)

DI to Sl and IE to SI, it did not fit the DI to IE ratio well at
all, particularly the rapid change froo=1 to q=2, which  The value ofog, was taken from Shah and Gilbody’s mea-
was not reproduced. This result is not surprising, since thgurement of the nondissociative ionization cross section of
independent electron approximation is inadequate for dealingl, [12]. (There is another consistent measurement by Ed-
with collisions in which the electron-electron mechanismswards et al. [29].) To convert their measurement from the
are important, as they are for log/v,. To address this cross section for nondissociative ionization to the cross sec-
problem, the cross sections for IE and DI had to be written asion for single ionization, we must divide by 0.985 in order
the sum of an electron-electron part, which dominates at lowo account for the dissociative single-ionization charjég
g/v,, and a direct part, which dominates the contribution atAs an additional constraint, we consider the DI to SI ratio,
highg/v,,

d e—e
Op;  Op Opy
d - — = , 10
@:‘J'Dﬁ""%le 05 0Og  Og (19
Jsi| Js) ’ . . .
®) whereop, /og, is the measured ratio for 1-MeV proton im-

o ol 1 gee pact. Therefore, substituting E@t) into Eqgs.(3) and(1) and
ZE_CIECE again using the fact thgtl—Pg(b)—P,(b)]=1, we find
Os| Os| that

where we have defined@®™ © as the part of the cross section P, (0

that comes from electron-electron interactigimsthe targey, ) =0.00184-0.0013. (11

ando as the part of the cross section that is due to the direct
interaction between the projectile and both target electronssolving Eqs(9) and(11) yieldsP,(0)=4.32x10"2 a.u. and
The possibility of interference between the two mechanisms,, =0.1935. Using these values as a starting point for our fit,
has been omitted for simplicity. The valuesrif %/os;  we scanned the parameter space looking for the best least-
=0.0195 andop, ®/05=0.0013) for the electron-electron squares fit. With the correction to the independent electron
part were taken from our previous measurements of protomodel given in Eq(8), we were able to fit the experimental
impact at the high velocity limif6,11]. data quite well, using the exponential form given in E@s.

To constrain the parameter space somewhat when fittinggnd (5) for the direct part of the interaction. The best values
we have used the following procedure: First, we note fromfor the parameters arB;(0)=0.0078, Pz(0)=0.0476, «,
Eq. (3) that if the[1—Pg(b)—P,(b)] term is close to 1, as =0.205, andxg=0.378. The results of our fit can be seen in
it is expected to be for 1-MeV proton impact, whe?e(b) Fig. 3. Varying the parameters by up to 5% does not affect
andP,(b)<1, we can write Eq(3) as follows: the quality of the fit significantly.



3738 WELLS, BEN-ITZHAK, CARNES, AND KRISHNAMURTHI PRA 60

There is very little data available that clearly distinguishes [T R A

the SlI, IE, and DI channels. The ratio of dissociative to non- 6o This Work a7

Shah and Gilbody [12,13]
Krishnamkumar et al. [14] A
Cheng et al. [15]

dissociative ionization, however, has been measured by othe [
groups[12—15. For our purposes, the more interesting ratio 50 -
is the ratio R*) of two-electron to one-electron processes,
R*=(og+0op)/og,. This ratio differs from the ratio of
H*/H," only because of the dissociative single-ionization .
channel. We have used our previous res[fisto convert
data from some previous measureme}it8,13,15 of the
ratio of H"/H,™ to R*. A scaling law suggested by Knudsen
et al.[30] for the DI to Sl ratio in helium has been adapted to
a hydrogen molecule by Krishnakumeiral.[14]. This scal-
ing law has the form

¢ o b o

R (%

R* =A+Bg?/v2In(9.18/,) (12

2
where g is the projectile charge, and, is the projectile ¢ /v, In(9.18v)

velocity in atomic units. Krishnakumaat al. [14] found the .
y [14] FIG. 4. The ratioR* of two-electron to one-electron processes

constants, by fitting the available data, to/e 0.0277 and as a function ot/fJ In(9.18v,,) for impact on hydrogen molecules by

B=0.407. We have compared our data for bare projectiles iare projectiles. Shown is our dat®], Ref. [14] (C), Ref. [15]

that of the groups cited above in Fig. 4 and generally foun ©), and Refs[12] and[13] (A). The curve is from the scaling

them to be in good agreement with previous results and thg,." ot Krishnakumaet al. [14] given in Eq.(12) with A=0.0277
scaling law. In order to compare our results to the other,,qg—0407.

measurements d®*, we have added our separate measure-

ments in the following manner: charge, fromg=1 to 20, at a fixed velocityl MeV/amy
using the coincidence time-of-flight technique. The contribu-
OE op| tion from dissociation of the electronic ground state of mo-
R* :U_S|+ (0'_5|) (13 lecular hydrogen was accounted for, and the IE to Sl and DI

to Sl ratios were measured simultaneously. The contribution

where y is the ratio of the probability of detecting at least of double ionization to dissociative ionization is negligible
for proton impact, but as the projectile charge increases, it

one out of two recoil ions to the probability of detecting onera idlv becomes sianificant. For a hiahlv charaed®uwro
recoil ion. For our experimental setup, this ratio was found ta pidly gniticant. gnly 9 P
-lectile, the DI to IE ratio is about 30%. Both the DI to Sl and
be 1.625. As a general trend, the measurements made usi I . U
S . . to Sl ratios increase with projectile charge, but the rate of
bare projectiles agree more closely with the previous mea- . d Y
i : L increase withg decreases for higher projectile charge. The
surements, which were all made with bare projectiles. For . : .
o L model calculation we have performed using the independent
our measurements of nonbare projectiles, the projectile elec- o
électron approximation compares reasonably well to the ex-
trons play a role, and one would need to calculate an effec= . . Lo
erimental data if the electron-electron contribution to the

tive charge for each of the projectiles in order to compare i " X
; T wo-electron processes is included in the model.
with the data presented in Fig. 4.
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