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Recoil momentum spectroscopy has been used to measure fully differential cross sections for double
photoionization of He at energies of 1-80 eV above threshold. The measurement technique allows
the determination of the vector momenta of all three escaping particles, and samples the entire final
momentum space. When presented in terms of the momentum vector of the center of mass of the
electron pair and the relative momentum of the two electrons, the data reveal simple features of the
correlated motion. The resulting patterns near threshold are found to be in agreement with a Wannier
description of the process. [S0031-9007(96)00803-4]

PACS numbers: 32.80.Fb

The slow breakup of a bound system into three chargedf one of the photoelectrons. Here we understand the
particles remains one of the most fundamental and inword fully to mean that, apart from electron spins, the
triguing problems in physics. The final state wave func-final state of the system is completely kinematically deter-
tion must represent a high degree of few-body Coulombmined. The data differ from those obtained in coincident
correlation involving the simultaneous interaction of all photoelectron detection in at least two ways which have
three particles, and no single consensus has appeared more than technical importance. First, our data are taken
how best to represent this wave function. The case ofvith two detectors which sample at an excess energy of
double photoionization of He is particularly well suited 1 eV, the complete momentum spacer(solid angle)
to the study of this problem because (i) the energy defor the ion and one of the electrons, and are recorded
livered to the system can be very well controlled, (ii) event by event. This means that the final momenta of all
the angular momentum delivered to the system througkhree particles are determined fevery double ionization
the electric dipole operator is known, and (iii) the ion event,with no necessity to choosa priori a particular
remaining after the double photoionization is a bare nuangle or energy for either electron. Thus the entire final
cleus possessing no relevant internal structure. The beBve-dimensional momentum space of the escaping three
tests of this correlation-dominated process are providegarticles is sampled without prejudice, and the physical
by experiments in which the vector momenta of all threeprocess itself determines which parts of this space are the
final particles are determined in coincidence. In 1993mostimportant. In principle, a similar measurement could
Schwarzkoptt al. [1] reported the first experiment of this be performed by measuring coincident photoelectrons for
type in which the momentum vectors of the two photo-all polar and azimuthal angles and energy combinations,
electrons were detected in coincidence for equal excessut this is an experimentally hopeless task with the solid
energy sharing. Several subsequent experiments of thangles of typical electron spectrometers. Second, the re-
type have been reported, covering both equal and unequebil ion momentum itself, which is equal and opposite to
energy sharing of the excess energy but always restricteitie center-of-mass momentum of the ejected electron pair,
to a coplanar geometry [2—6]. These data have revealeabpears to be a particularly convenient coordinate for the
striking correlation patterns. Though many of the majordescription of the physical process at hand.
features of the angular distributions are determined by se- Thus instead of the conventional momentum coordi-
lection rules [7], the quantitative form of the data providesnatesk; andk;, of the two electrons, we choose the (Ja-
the desired information on the three body decay dynameobi) momentum coordinatds, = k; + k, andkg =
ics. Parallel developments of the theoretical description% (k1 — k») of the electron-pair center-of-mass (CM) mo-
of the process have demonstrated an ability to account faion and the electron-pair relative motion, respectively
many of the main features of these patterns [7-13]. [14]. Neglecting the photon momentum, the ion mo-

In this paper we present fully differential cross sectionsmentum is—k,. These momenta are just the conjugate
for double ionization of He near threshold obtained byCoordinateS of the relative vectors= %(rl + rp) and
measuring the momenta of the Herecoil ion and that R = r; — r, of the electron-pair CM and interelectronic
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axis, respectively. The electric dipole operator is exactly

€ - r in these coordinates and hence excites directly the i : kf, £ . ""a{'ﬂ

k, motion of the Hé" relative to the electron-pair CM. —nz ES

Interelectronic excitation alonggr derives from subse- E , R

guent coupling to thék, motion, which is at the heart = 3 . :

of double ionization and the few-body Coulomb problem. E 0 3 3 i B~

Especially near threshold, the use of these relative coordi- E 3 -

nates reveals naturally certain simple characteristics of the w22 E5 50

strongly correlated motion of the electron pair not easily E 32 5 -

seen in thek, k, description. As has been pointed out foop St ot

on several occasions previously, this situation is similar to T_-_" 3 k, (b)

that encountered in nuclear physics, where the excitation = £ ,f STEREN.

of rotational and vibrational motion is better described in E 0.2 .

terms of collective rather than single-particle coordinates. 2 E 2
The use of cold target recoil momentum spectroscopy g 0E ] t ;

(COLTRIMS) in both ion-He and photon-He collisions is E E i i

now well established, and is described in Refs. [15-18]. E 3 ‘

The essential feature of the method is that the He target is =0.2 & .

cooled in a supersonic jet to an internal temperature below : R

0.2 K, for which its thermal momentum<Q.05 a.u.) is = ZRTVVPITY YPTTRTIVL FPPIVOTIN Freevees

much less than the momentum transfer which the ion 3 E Ky (c)

receives in the physical process of interest (typically = 0.2 3

>1 a.u.). In the version of the apparatus we have used ETTE M_

for the present study, the cooled gas jet was crossed by = £ SR E e

a photon beam from the Advanced Light Source (ALS) E 0 F ' .

at LBNL and a weak transverse electric field (Zcvh) S : PP B o

was used to accelerate the He ions onto the surface of a E‘ﬂ 2 _ s = o

channel plateZ stack equipped with a position-sensitive o

wedge-and-strip anode. The ALS was operated in a two- : =

bunch mode which allowed the time of flight of the recoil "“""E:'i“'""6"""'6'5""“

ion to be measured with a precision near 1 ns. The
vector momentum of the He ion was determined from
a combination of this time of flight and the position at FIG. 1. Density plots of projections of the momentum spectra
which the ion struck the detector. A second position-from double ionization of He by 80.1 eV photons. Thand
sensitive detector located facing the ion detector but ol nCdOn\:gl’(':igea?tzx(éfsthreesrgggi?/gtlumtl‘?ereplcj)llgf’tiigtig?] Tgct';?”gfo?ﬁ‘;'
the opposite side OT the llnt(.aractlon region deteptgd one Qhoton is in thez direction andyt’he photon propagates in the
the photoelectrons in coincidence with the recoil ion. Thegjrection. Only events with-0.1 < k, < 0.1 a.u are projected
vector momentum of this photoelectron was calculated ironto the plane. (a) The Feé recoil ion (or —k,) momentum
the same way as was that of the recoil ion. Events irflistribution. The outer circle indicates the maximum possible
which both photoelectrons struck the electron detectoff€c0il ion momentum, and the inner circle is the locus of

: . o évents for which thék, motion has half of the excess energy.
which occurred with low but nonzero probability, were (b) The distribution of single electron moment, (or k.).

rejected based upon the pulse-height distribution fronhe circle locates the momentum of an electron which carries
the electron detector. Our recoil ion detector had 4 the full excess energy. (c) The relative electron momentum

solid angle for all excess energi€B.x.). The electron (or kg = k; — k) distribution. The circle identifies the
detector, however, had a full solid angle only ugitg. =  Maximum possible value fd.
1 eV. Therefore momentum distributions &.,. =
1 eV are measured with an electron-recoil coincidencebution which is equivalent to thie, distribution. The dis-
yielding thek, andkg distributions, while for the higher tribution appears qualitatively dipolelike in character, even
energies only the recoil momentum distributions could beso near threshold. Figure 1(b) shows the distributiokof
determined in coincidence with the machine pulse. (or k3), the laboratory momentum of either electron, and
In Fig. 1 we present density plots of the momentum dis-demonstrates that the strong interaction between the elec-
tributions measured for a photon energy 1 eV above th&rons has completely removed the simple dipolelike dis-
double ionization threshold. The distributions show pro-tribution which one sees in single ionization, or in double
jections of all events with-0.1 < k, < 0.1 a.u. into the ionization at photon energies well above threshold. This
y-z plane, where lies along the polarization vector of the result is known from previous measurements [19,20]. Fig-
electric field and the photon propagates in Xrdirection.  ure 1(c) shows th&yg distribution and hence the relative
Figure 1(a) shows the Hé recoil ion momentum distri- motion of the two electrons. It indicates that the electron
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pair separates preferentially perpendicular to the photothe ratio ofK = 1 (which is thea, term in their notation)
polarization axis and therefore perpendicular to the recoito K = 0 is smaller than 116.

momentum—k,. This is qualitatively consistent with a  Figures 2(a)—2(d) shovx/l[b,ilz dQ, for K =0 and
Wannier picture of the process. The*Hdon andthe elec- K = 1 calculated using an extendédurth-order Wan-
tron pair separate in such a way that the electron-pair CMijer description [14] which allows a direct Fourier trans-

remains near the ion but stably oscillates perpendicular tgyym of the Wannier coordinate wave functi@{((r’ R)

the “Wannier ridge” alongR, or essentiallycz. Motion of  and hence direct determination of the momentum wave
the electron-pal_r CM along the Wannier ridge is unstableynction gﬁ;(kr,kn), which is undefined in the second-
and may result in one or the other of the electrons recomgrder Wannier theory. Comparison of Figs. 2(c) and 2(d)

bining with the ion, blocking double escape. with the data shown in Fig. 1(c) clearly shows that a
In the dipole approximation the momentum dependencg; — o x — 1) excitation is favored.

of the fivefold differential cross section is characterized A more guantitative discussion of these results can be
by overlap matrix elementék kg|y) of detector states carried out by focusing on the relative partition of the
(krkg| with 'P? continuum statedy) of the electron eyxcess energy betwedtg and k, motions and on the
pair [14]. These quantities are related to the momentumngular distributions okgr and k.. The total excess
representation)(k,, kg) of the continuum states and are energy, which is the difference between the photon energy
a linear combination) = > g ckg of substates with and the double ionization threshold energy of 79.1 eV,
projection K = R - L of the total angular momentum can be written as (in a.uj = %kf + k%. Figure 3
along the Wannier ridge and with a definite evenness or

oddness along the ridge denoted by the quantum number o 3 ¢
=0 or 1 For!pP® states,K =0,1 andK + { = Ni': 5 leV
1. When approximated by Wannier wave functioﬁlé, = 2L
gives in leading order the familiar energy dependence & C
o ~ E™1+20 of the total cross section with = 1.056 = C
in He. In the Wannier theory, the mixing coefficients t 1 [/ kmotion
cx remain undetermined; however, minimal excitation i
along the Wannier ridge is generally observed both above s 0= 00000
and below the double ionization threshold. Hence one 2 E 6eV
expects{ =0, K =1 to dominate over{ = 1, K = g 2
0 excitation. From the experiments performed using % 15 b
traditional coincident electron spectroscopy,4e) no = c o\ 0
pictures equivalent to Fig. 2 can be obtained since they :tE 1E, e o
are restricted to selected angular and energy combinations 8 o5 e AT P, o
between the electrons. However, Lablangeieal. [5] y <50° RN
could show from their ¢,2¢) data that atE.. = 4 eV g 0 20 eV
S0
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FIG. 2. Density plots calculated from the Wannier model,in the upper three figures is from the fourth-order Wannier

corresponding to Figs. 1(a) and 1(c), for different choices ofcalculation.

the K quantum number (see text).
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a pure co®? distribution by an amount which proves to
be a sensitive probe of theory. The He atom preferentially

% 2r ¢ o b oo '13' ®  OBB0eV) cross sections for double ionization of He from 1 to 80 eV
g [ o - _— m B, (20eV) above threshold. The momentum distribution of thé He
i,0 8 o o o O B,(6eV) recoils shows a qualitatively dipolelike character at even
E Lo L ® B(leV) the lowest photon energy, but quantitatively differs from
3

Z

A By(leV) breaks up such that the nucleus recoils along the photon
A 4 A } polarization axis while the two electrons separate along a
S A TR LN R A B LN line perpendicular to the polarization.
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