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ABSTRACT

Theoretical calculations, confirmed by experimental measurements, are used
to obtain a new scaling rule for electron loss from a hydrogen atom in collision
with a heavy highly stripped ion. The calculations cover the energy range
50 keV/amu to 5000 keV/amu and charge-states q from 1 to 50; the cross-section re-
sults for electron loss are very close to the Born-approximation scaling of qz(an)/E

O—16 cm2 at low

at high velocities and yield a classical limit of 4.6 x q x 1
velocities. A simple analytic expression that describes the electron-loss cross
section for 1 < q £ 50 in the energy range 50 keV/amu to 5000 keV/amu is presented.

The experiments are in the range 108 keV/amu to 1140 keV/amu and charge-states

3 to 22.



In this Letter we present a new scaling rule for electron loss for heavy highly
charged particles colliding with atomic hydrogen for energies from 50 keV/amu to
5000 keV/amu and for 1 <q < 50. Electron loss from H resulting from a collision

‘with an ion AT9 is the sum of charge exchange and'ionization:

ata-l 4ogt . (charge exchange) dcx | (la)
At + m |
Atd 4 H+ +e (ionization) : 9 (1b).
ie., ' ' %oss = %x * O * . (1lc)

We find that, for this wide'fange of energies and charge states, electron-loss cross
sectioﬁs for colliéions with any ion At can be represented by a single curve when
plotted with the reduced parameters dloss + q vs. (energy per amu) ¥ q.

At low collision energiesvcharge exchange detérminesrthe H-atom electron-loss
cross section, while at "high energies ionization 1is the dominant reaction. These
collisions are generally classified by whether the heavy-particle velocity is less
than, or.greater than, thé orbital velocity of the electron being detached. For

H-atom targets, this velocity is v,

= 2.2 x 108 cm/sec, which corresponds to a
collision energy of 25 keV/amu.

‘For collision velocities v << v,, a molecular theoretical treatment of the
scattering'processes is generélly applicable. At these velocities several the-

1-3

ories and a combination of theory and experiment4 have been presénted to
describe the charge—state dependence of charge exchange, the dominant electron-loss

process.

On the other hand, at very high velocities, generally characterized for a

hydrogen-atom target by v/v, >> q, perturbation treatments such as the plane-wave

Born approximation (PWBA) become valid.? Such treatments lead to the result that

2

the electron-loss cross section (reaction 1) will scale as q“ times the cross section

for Hf.+ H.

Ind



. -
Until now there has been no scaling rule available for electron loss from H in

collision with heavy highly charged ions at the intermediate collision-velocity range

1 _<_,v/ve < q, nor has there been available a simple criterion for defining the re-

. glon of applicability of the Born approximation. However, an empirical scaling rela-

6”has*previously been presented.

tionship for charge exchaﬂge
In oraer to detefﬁine'a scaling rule for electron loss for‘collisions of heavy

highly charged ions colliding wiﬁh H, we have calculated this cross section for the

energy range 50 keQ/amu to 5000 keV/amu (1.4 < v/ve < 14) and for q in the range

1 - 50. The theoretical calculations employ the classical trajectory Monte Carlo

method which has been described previously.7 The energy range for these calculations

is determined by twé limitszv At low. energies ('v/\}e <1lorE < 25 keV/amu) molecular

effects become.important and we do not expect a classical-trajectory method to be valid,

while at high réduced energiés (>: 5000 keV/amu +q) we were unable to empioy the

classical-trajectory methéd becausevthe transition probabilities become so small that

it is difficult to obtain reasonable statistics on the cross sections. It is important

to note that the calculated electron-loss cross section at a given relative velocity

for an H-atom target is determined only by the charge-state q; our calculations show

no dependence on the reduced mass of the colliding pair. Since the H electron-loss
cross Section is determined by large impact parameter collisions, up to b =25

Bohr radii for q = 50, the collision may be described as between'point charges.'

(If we wish to examine the individual components of the electron-loss cross section,

i.e., electron capture or iqnization, it is sometimes necessary to employ an effective
charge for the incident ion that reflects its electronic $hell structure.s) Thus,

the electron-loss cross sections calculated for this Letter ére appropriate for

a wide range of collision systems involving Heavy highly stripped ions and atoﬁic
hydrogen. Our theoretical results for HY + H are within * ZOZ’of the experimental

7,9

results for energies 50 - 200 keV/amu and agree within * 257 at the higher energies



with the Bofn—approximation calculations of Bates and Griffing.lo We estimate the
uncertainty in all of the calculated cross sections to be + 25%.

We have previqusly reportedll'experimental measgrements df ocx» 0 and 9loss
for Fe ions in collision with H, for the energies 274 keV/amu and 1140 keV/amu and
for q in the rangé 9 —-22;Aouf apparatus and experimental méthod also are described
in this publication. We have extended these measuremen£s to q = 10 - 15 at
290 keV/amu, q = 3 at 110 keV/amu, and q = 7-11 at 108 keV/amu; these results will
be described ih detail in another bublication.12 The experimental'cross-section
results for an H, target have an uncertainty of + 107 |

To cdmpare our experimental ﬁeasurements.ih an Hy target with calculations for
an H target we have used the results of Kim etval.13 Their results show that.at
108 keV/amu the ratio of oex for Fe'd in Hy and H ranges from 1.7 for ¢ = 7 to 1.5
for q_='11; for high energies and low q”s the ratio is approximately 2. This latter
ratio is consistent with the measurements of Gilﬁody et . al., which show that the

14

ratio of cross sections for Hy and H targets for both charge exchange'” and ioniza-

tionls’16

is 2.0 + 0.4 for an gt projectile with an energyrabove »110 keV/amu
(charge:exchange) or »200 keV/amu (ionizatiém). We have thus divided our experimen-
tal results by 2 to thain an estimate éf the atomic-H cfoss.seqtions, except for

the experimental reéults,at 108 keV/amu, which were divided by the ratios obtained
from Kim et al.13 We estimate fhe uncertainfy in the ratio for comparing Hz'measure-
ments with H calculations to be + 25%; the overall uncertainty in our experimental
cross section results for éomparisqn with the calculations is thus + 30%. It should be
notea‘that the ratio of Ocx for Hy) and H targetsl3’17’18 has been‘observed for a

wide variety of'ingident ions to be independent of ion species and to be determined v

by the velocity (or energy per ahu) andlthe charge state of the ion.

It is possible to present all our theoretical calculations, our experimental

15,16,19-23

measurements and the experimental results of others on a single curve



parameterized by °loss(cm2) + q as the ordinate ana E(keV/amu) 4+ q as the abscissa.
At high velocities the'classical calculation yields 910ss proportional to qz/E.
Therefore, at high velocities, the classical~trajeétory results should have a slope
of -1 on a lqg-log plot. At low velocities, for which the collision time becomes
comparable to the time for the target electron to orbit about the H+'nuc1eus, a
simpleIclassical_argument_by Bohr and Lindhard,z-4 based on determining the inter-
nuclear separation where the_force on the electron from the incident projectile

Ate ig equal té that from the ut nucleus, is valid. In this model it is assumed
that the electron will be removed from the target atom for all impact parameters
smaller than this separation."Within this simple approximation it can be shown
that 0y,.6 = (2-4) X q X 10716 cm 2. Note the absence of energy dependence and the
linear dependénce on incident charge-state q. We thus expect the same parameter—
ization that applies at high velocities to yield a constant in the low-velocity,
high-q regimé.

In Fig.'l we present both the theoretical and experiméntal data. The agreement
between theory and experimént isréxcellent. Both the theory and experiment are
absolute, independent, and each covers a wide range of energies and charge states.
This result 1s notable in that.cross sections for ions in charge states from 1 to 50
and for energies ranging over tﬁo orders of magnitude coalesce into a single curve.
At low reduced energies, both the classical-trajectory and the experimental data in-
dicate that the cross sections approach the classical limit, which is v4.6 x q x 1

2 2-3

cm “., This is consistent with low—vélocity (v << ve,'high q) theories 4

and data,

below the energy range of our present calculations, which show charge—-exchange

\

cross sections generally invariant with energy and depending linearly on the

charge ‘of the incident ion.



The curve shown in Fig. 1, which represents the results of the classical tra-
jectory Monte~Carlo calculations, can be approximated by an analytic expression of

the form,

= 4.6 x q x 10716 [(32q/E)(1 - exp(~E/32q))] (2)

%loss

where oy .. is the H-atom electron-loss cross section in cm 2,q is the 1bn charge

state,and E is the enérgy in keV/amﬁ. It should be reemphasized that Eq. 2 is only
valid for 1 < q =< 50 and for energies in the range 50 kéV/amu to 5000 keV/amu.

| For comparison we also present the PWBA ionization cross'sectionl.o’25 for
H+ + H collisioﬁs in Fig. 1. This quantum—mechanical perturbation approach yields
%10ss prdportional to qz(EnE)/E at high velocities. Above 50 keV/amu + q there is
reasonable agreement between the classical-trajectory and the PWBA cross sectioné,
with the PWBA resultsvbeing larger at the highest energies studied. This difference
is dué to the classical Qs. the quantum-mechanical description of the electron dis-
tribution about the target nucleus and indicates that electron transitions from
the classically forbidden region (re > 2 Bohr radii) become important at high ener-—
gies and low transition probabilities. We thus expect that the classical;trajectory
method will underestimate the true results at phe highest enérgies; this . trend is
confirmed by comparison with éXperimental data for reduced energies above 1000 keV/
amu + q. For low velocities the PWBA ionization cross section lies much below the
electron—iosé cross secfion calculated using the classicél—trajectof& method
because (1) the Born approximation is not expected to be valid at low velocities,
and (2) charge exchange makes an inqreasingly large contribution to gy,5, at low
veloéities.

We are presently extending our experimental measuremeﬁts to highet charge-

state ions in hydrogen targets. We are also extending our experiments and calcula-

ions to non-hydrogenic targets in order to study the application of our reduced



curve to a broader range of systems. Preliminary calculations on helium targets
indicate that the scaling parameters presented here will yield a similar curve for

this system.

ACKNOWLEﬁGEMENTS

The authors Qould like to thank Dr. Ron Phaneuf for several helpful discussions.
Theoretical work was done under DOE Contract E(04-3)-115, P/A No. 111;

experimental work was done under DOE Contract W-7405—Eng-48.



10.

i1.

12,

13.

14,

15.

16.

REFERENCES

L.P. Presnyakov and A.D. Ulantsev, Sov. J. Quant. Electron.'ﬁ) 1320 (1975).
R.E. Olson and A. Salop, Phys. Rev. A 14, 579 (1976).

T.P. Grozdanov and R.K. Janev, Phys. Rev. A lz , 880 (1978)."

A. MJller and E. Salzbofn, Phys. Lett. 62A, 391 (1977).

D.H. Madison and E. Merzbacher, Atomic and Inner Shell Processes s

edited by B. Crasemann (Acédemic Press, New York, 1977) pp. 1-72.

L.D. Gardner, J.E. Bayfiéld; P.M. Koch, H.J. Kim, and P.H. Stelson

Phys. Rev. A 16, 1415 (1977).

R.E. Olson and A. Salop, Phys. Rev. A 16, 531 (1977).

R.A. Phaneuf, F.W. Meyer, R.H.lMcKnight, R.E. Olson, and A. Salop,

J. pPhys. B 10, L425 (1977). »

R. Abrines and I.C. Percival, Proc. Phys. Soc. 88, 873 (1966).

D. R. Bates and G. Griffing, Proc. Phys. Soc. A66, 961 (1953).

K.H. Berkner, W.G. Graham, R.V. Pyle, A.S. Schlachter, J.W. Stearns, andv
R.E. Olson, J. Phyé7 B: Atom. Molec..Phys. 11, 875 (1978).

K.H. Berkner, W.G. Graham, R.V. Pyle, A.S. Schiaéhter, and J.W. Stearns.
(article in preparation).

H.J.'Kim, F.W. Meyer, R.A. Phaneuf, P.H. Stelson, and P. Hvelplund,

Bull. Am. Phys. Soc. 23, 531 (1978); and private communication.

A. B. Wittkower, G. Ryding, and H. B. Gilbody, Proc. Phys. Soc. 89, 541 (1966).

H. B. Gilbody and A. R. Lee, Proc. R. Soc. A 274 365 (1963).

H. B. Gilbody and J. V. Ireland, Proc. R. Soc. A 277 137 (1964).

R.A. Phancuf, F.W. Meyer, and R.H. McKnight, Phys. Rev. A 17, 534 (1978).



18.

19.

20.

21.

22.

23,

24,

25.

Figure 6 of this publication shows the ratio of o

H.J. Kim, R.A. Phaneuf, F.W. Meyer, and P.H. Stelson, Phys. Rev. A 17, 854 (1978).

ex in HZ and H for Si ions,
averaged over charge states 2-9, to be 2.0 + 0.3 for relative velocities
v;z 4 # 108 cm/sec.
J. W. Hooper;-E. W. McDaniel, D. W. Martin, aﬁd D. S. Harmer, Phys. Rev. 121,
1123 (1961). ) |
L. I. Pivovar and Yu. Z. Levchenko, zh. Eksp. Teor. Fiz 52, 42 (1967)

[JETP 25', 27 (1967)].

R. A. Langley, D. W. Martin, D. S. Harmer, J. W. Hooper, and E. W. McDaniel, -

Phys. Rev. 136, A379 (1964).

L. I. Pivovar, Yu. Z. Levchenko, and A. N. Grigor’ev, Zh. Eksp. Teor. Fiz 54,

1310 (1968) [JETP 27, 699 (1968)].
L. V. Puckett, G. O. Taylor, and D. W. Martin, Phys. Rev. 178, 271 (1969).
N. Bohr and J. Lindhard, Dan. Mat. Fys. Medd. 28, 1 (1954).

E. Merzbacher and H.W. Lewis, Encyclopedia of Physics, Vol. 34 (Springer-

Verlag, Berlin, 1958), p. 166.



FIG 1.
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Figure Caption

Solid 1line: Calculated cross section oy,.. for electron loss‘by atomic
hydrogen in collision with an ion in charge-state q; this cﬁrve is valid
for 1 < q < 50 and for energies in the range 50 keV/amu to 5000 keV/amu.
The range of E/q values for which the curve is valid is indicated by the
bars drawn in the lower portion of the figure. The uncertainty in the |
calculated cross sections is + 25%.

Da'shed line: Plane-wave Born-approximation cross section for ionization

only.10,25

"Closed symbols:‘ Present experimental results for Fetd + H, divided by

a number between 1.5 and 2.0 to allow comparison with the calculations

(see text). The uncertainty is + 30%.

B 108 keV/amu q = 7-11
A 110 keV/amu q = 3

¢ 282 keV/amu q =9

* 290 keV/amu q = 10-15

[}

® 1140 keV/amu q = 11-22.

_ R ' + o+ gt =
Open symbols: Published results for H', He  and He +H, Hy (repre-
sentative points only). All results for an H2 targét are divided by 2

to allow comparison with the calculations.

23

O wt+u Gilbody and Ireland!®
.ﬁ it + HZ Hooper et al.19

o u* + H,  Gilbody and Leel®

V out o+ H, Pivovar and Levchenko20
A get + H, Langley ét al.21

0O ne' + H, Pivovar et al.22

O

He++ + H2 Puckett et al.
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