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It is shown that at a high impact velocity ¥ the second-order Born term can provide a
significant asymmetric (skew) contribution to the cusp at |¥,|=[¥| in the differential cross
section for “electron capture to the continuum” from a hydrogenlike atom in its 1s state
by a bare ion, where V,~¥ is the velocity of the emergent electron. The asymmetry in
the cusp, heretofore unexplained, has been observed in several recent experiments.

We consider a bare ion of atomic number Z z incident with a very high speed v on a hydrogenlike atom
of atomic number Z , initially in the 1s state. We wish to determine the singly differential cross sec-
tion, do/dv,, for “capture to the continuum,” in which the electron emerges with a speed between v,
and v, +dv, into a cone with semiangle 6, and axis parallel to the beam, where |v,-v| and v8 are both
small so that the emergent electron is moving relative to the projectile nucleus with a (positive) ener-
gy that is small compared to the ionization energy of the electron-projectile subsystem.! Dettmann et

al. showed,? within the Brinkman-Kramers (BK) approximation, that asymptotically
doge/ vy~ (2Y/5)Z ,°Z y3e?/Tw) v [, =v)2+ W8,)*]V2 = v, = v| }may®. (1)

They noted in particular that, because of the quan-

tity in curly brackets, dog/dv, has a cusp at v,
=v.

A significant feature of the cusp in dog/dv, is
that it is symmetric about v,=v. However, sev-
eral measurements,® most notably the very re-
cent measurements of Suter et al.,* indicate that
for bare projectiles incident at high velocities
the actual cusp may be strongly asymmetric
about v,=v. Our purpose is to explain that the
observed asymmetry is probably due to the con-
tribution from a second-order Born term in the
Born expansion of the scattering amplitude. This
result is physically reasonable since at high im-
pact velocities the BK amplitude, 7,, defined by
Eq. (2¢) below, for capture into a true bound
state is proportional to the high-momentum com-
ponent of the final bound-state wave function, a
component which is very small and diminishes
even more rapidly as the orbital angular momen-
tum quantum number, 7', of the final state in-
creases. Thus the relative probability for cap-
ture into a bound state with I’# 0 compared to
capture into a bound state (including a high Ryd-
berg state) with I’ =0 decreases as 1/»**'. In con-
trast, the second-order Born term 7,, defined by
Eq. (2d) below, does not depend on the high-mo-
mentum component of the final-state wave func-
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tion and the relative probability for capture into
states of different I’ is therefore independent of v
to leading order in 1/v. Furthermore, at high im-
pact velocities 7, dominates over 7,.° By rea-
son of continuity, one expects these results to re-
main valid for capture to the continuum. Thus
for continuum capture via the BK mechanism,
only the s-wave component of the continuum is
expected to be important, and 7, is expected to
be isotropic in the vector V, -V, where V, and V,
respectively, are the emergent electron and pro-
jectile velocities in the lab frame. In contrast,
many different angular momentum components of
the continuum are expected to be important for
continuum capture via the second Born mecha-
nism so that 7, will depend on both the magnitude
and direction of ¥, —V. Thus the contribution to
the differential cross section from 7, is not ex-
pected to be invariant under (V,-7V)~ - ¥, -¥).
We now proceed to a mathematical analysis.
We make use of asymptotic formulas derived pre-
viously® in the context of electron capture to a
true bound state from a hydrogenlike atom by a
bare ion incident with a high velocity ¥; if cor-
rections of the order of the electron-nucleus
mass ratio are neglected, the contribution from
the sum of the first- and second-order Born
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terms to the cross section (denoted by the subscript 2) for capture from a bound state ¢ to a bound
state f with wave functions ¢;(F) and ,(F) is, at asymptotically high velocities,

oy~ @riv?) " [ | T’KdK (2a)
where (as throughout this paper) 7= 7,+ 7,, K ranges from 3q to «, ¢g=|g|, and

d=mi/n, T=§+K, D=¢*-K? (2b)

7', ~ = @r°K?/m)f * R)7, (T), (2¢)

Ty~ =i(21°Z ,Z pe?/K'a,) [, " dse **/ %, * (= sT)y, (- sK), (2d)

where a tilde denotes a Fourier transform. 7K is the difference between the final “average” momen-
tum of the projectile and the initial momentum of the projectile. We need know only that IK| =K and K
-§=—2q, from which it follows that T=|T| =|§+K| =K. Note that 7, and T, are the first- and second-
order Born amplitudes with the internuclear potential omitted. (7, is the BK amplitude).

Turning now to the problem at hand, we assume that initially the electron is in the 1s state and that
finally it is moving in a continuum state in the Coulomb field of the projectile with the wave function

P @) = @n) Y2Nme T T F(=in, 1, —ilkr +k - ), (3)

where 7k =m ¥, - V), k=|k|, and N(n)=expn/2)T'(1+in) with n=Z g/ak>1. Let 6, and ¢, denote the
polar and azimuthal angles of ¥, with the polar axis along V. See Fig. 1. The azimuthal angle of T is
defined to be zero. To obtain do,/dv, we simply replace 3; by P and [noting that d* = /%)% 2dv,dQ,
and that v,2~v?] replace Eq. (2a) by

doy/dv,~ m®/2n7®) [dQ, [|T|°K dK, (4)

where df2, = sinf,d6,d¢, and where 0< 6,< 6, and 0< ¢,< 27. Note that since [|y;(T)|*d% =1 we have
normallzed zp;(r) so that [§(F)£E)d% =6k’ k).
Inserting J:,(T) and $£*(K) into Eq. (2¢), we obtain”

T, ~= 2727 527 .e>N*(n)/ (a5 °K®), (5)

in agreement with Dettmann, Harrison, and Lucas.? We now evaluate 7,. The presence of P; = zpls

(- sK) in Eq. (2d) restricts sK to the regmn sK<ay/Z, HencesT<ay,/Z,. Now if n%k*/2m < Z ye*/sT
for the significant range of s7T, that is, if n°>>Z5/2Z ,, the energy in the Schrédinger equation for R4
(-sT) can be neglected and lh:(— sT) simplifies to®

Ir(=sT)~ @n) 2Nm)e * NI ((4Z pxsT /ar)"?), (62)

where, with a carat denoting a unit vector, the “asymmetry source factor” x=1 -k , so that

X = 1 - (cosé cosfr +sinb sinf, cose,), @ (6b)
6p=cos }(0 - T)=cos *(¢/2K), (6c)
0=cos (0 - £)~tan *{v6,/(, - } (6d)

Note that 0< y< 2 and, since qu K< o, that 0<0,< 3.
In Eq. (2d) we use Eq. (6a) to substltute for y;(~sT), we use k-T=(1-x)kK, we define

1/a=Z,Ka,— $iDa,®+i(1 - x)kKa,?, (7)
and we integrate over s; we then obtain®
Ty~ T Ka2a exp(~Z , xKa,a) . (8)

This result differs significantly from the 7, obtained by Dettmann, Harrison, and Lucas? we believe

there is an error in Eq. (4.25) of their paper. Note particularly, from Egs. (6d) and (6b), that under

a change of sign of Vv, - vV we have 6 —7 - 6; thus x and therefore 7, are asymmetric about v,= v,
Combining Egs. (4), (5), and (8) and noting that |N(7)|?~ 277, we obtain

do,/dv, ~27Z,5Z5a,™® [ dQ, |¥,-%|71 [ |1+ LiaK®a,? exp(-Z 5 xKa,o) PK ' dK , (9)

1038



VoLUME 41, NUMBER 15

PHYSICAL REVIEW LETTERS

9 OCTOBER 1978

! k=m(7-V)/h

FIG. 1. The coordiante system. (The various vectors
are not drawn to scale.) The polar axis is along ¥ and
the azimuthal angle of T=q +K is defined to be zero.

where, we recall, 0< §,<6,, 0< ¢,< 27, and 3¢
<K s, This integral must be evaluated numeri-
cally. Note that it is the term 277 in the factor
|N(n) |? that gives rise to the cusp, but the asym-
metry in the cusp arises from the presence of y
in 7,. Since ka, is assumed here to be very
small, the last term in Eq. (7) can be neglected
(though it was retained in our numerical calcu-
lations). Then ¥ appears only in the exponent in
Eq. (9), in the form exp(~Zzx-++). Therefore
for Z 5 small the asymmetry is negligible while
for Z g large 7, is highly asymmetric. (However,
as Z gincreases, 7, decreases in magnitude rela-
tive to 7, and the net effect of 7, on do,/dv, be-
comes small, though not exponentially small,)

We calculated do,/dv, for Z ;=1 and 6, respec-
tively, with Z ,=1, with 6,=1.85° and with the
projectile energy equal to 2 MeV/nucleon, We
have |v, —v| < 0.2¢2/7 and therefore n>5 (7> 30)
when Zz=1 (Z5=6). When Z 5 =1 the asymmetry is
barely noticeable, but when Z ;=6 (see Fig. 2) the
asymmetry is very clear, and in qualitative
agreement with observations.? (Unfortunately

we cannot compare our results quantitatively
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FIG. 2. The singly differential cross section for con-
tinuum electron capture from the 1s state of a hydrogen
atom by a bare ion of atomic number Z;=6 incident
with an energy of 2 MeV per nucleon in the lab frame.
The electron emerges into a cone of semiangle 6,
=1.85°. The curve marked “ Brinkman-Kramers” is
the contribution to the differential cross section from
the Brinkman-Kramers amplitude, while the curve
marked ‘“second Born” is the contribution from the sum
of the first- and second-order Born terms. do/dy, is
in units of a 2(e?/n) 1.

with existing measurements since the targets
used in the experiments were many-electron
atoms, such as Ar, for example.) In order to
gain a (crude) estimate of the error in the asymp-
totic approximations used, we evaluated dogy/dv,
exactly. With 9> 1, the relative error in the
asymptotic formula, Eq. (1), is 10(Z,e?/hv)2,
At a projectile energy of 2 MeV/A, this is an
error of about 13% when Z,=1. We note that
radiative capture to the continuum dominates
over nonradiative capture above an energy of
about 13 MeV/A when Z,=1,%°

The Z ; dependence of do/dv, is probably not a
power-law dependence. In the extreme high-v
limit, we can evaluate the integral over K and
show that the asymptotic » dependence of do,/dv,
is 1/v™, (This is also shown in Ref, 10 using a
semiclassical approximation.) From Eq. (1) we
see that the asymptotic v dependence of dogg/dv,
is 1/v*%. (Note that v6, and the range of |v, — |
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must be independent of v asymptotically since we
require 7> 1, independent of v,)

It follows from our discussion that recent ob-
servations of cusp asymmetries® may represent
the first experimental confirmation of the im-
portance of the second Born contribution at high
impact velocities. Other possibilities for detect-
ing this contribution were recently suggested.!!
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A new Doppler-free stimulated-emission technique using an optically pumped laser
with applications in spectroscopy and optical frequency standards is reported. An argon-
laser—pumped cw I, laser is used to demonstrate the technique as well as measure the
complete hyperfine structure of the I, BO,*-X 12 * (438,83) P (13) line. Hyperfine coupling
strengths obtained for the X1Eg+ v"”"=83, J”"=13 level are eQq”=-—1550.1+0.5 MHz and
C”"=59+5 kHz. In addition, the I, 1aser has been actively stabilized to within 1 kHz of the
observed line center of an I, hyperfine component.

We report a new Doppler-free stimulated-emis-
sion spectroscopic technique using a cw optical-
ly pumped laser (OPL). The molecule under
study forms the gain medium of the OPL. The
technique can also be used to generate a set of
laser frequency standards covering a substantial
spectral range. We have demonstrated this tech-
nique by observing narrow hyperfine-structure
(hfs) features in an I, OPL with linewidths of less
than 1 MHz which allowed us to perform high-re-
solution spectroscopic measurements. In addi-

tion, we have stabilized an I, OPL to one of the
I, hyperfine-structure transitions.

This method of stimulated-emission spectrosco-
py may be compared with Doppler-free two-pho-
ton schemes''? which require the use of two tun-
able lasers, a pump and a probe. The wavelength
coverage in such schemes is limited by the tuning
range of the probe laser. The OPL method de-
scribed here involves only one tunable laser,
since the OPL is effectively its own probe. More-
over, the wavelength coverage, in principle, ex-
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