
t i  proton K mesons of energy 100 GeV. 

FIG. 4. Plots of tan@(' ) (p) 
fo r  protons and K mesons 
of energy 100 GeV for q, =l 
and &, =0.001. 

where cosOL1)= I/(&,+ cz)112 and p, , ,=~/m 1 , 2 ~ 2  i s  the total 
energy of the particle in rest-mass units B2= 1 - 1/p2). 

The corresponding change of the angle oh1), which i s  
used in ordinary brenkov counters to separate parti- 
cles according to their masses, is 

I l l  ~8:" w - 
2tgo;1 (F-F). 

Comparing (18) and (19), it i s  easily seen that 
>>he:). Figures 3 and 4 give the numerical calculation 
of the corresponding curves  tan^(')(^) for protons and 

In conclusion the authors wish to thank 0. I. Sumbaev, 
V. A. Ruban, and A. S. Ryl'nikov for useful discussions 
and also L. N. Kondurova for carrying out the numerical 
calculations. 
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Two-step photoionization of helium via the 4p1P1 state 
M. Ya. Amus'ya, V. V. Afrosimov, V. P. Belik, S. V. Bobashev, S. A. Sheherman, and 
L. A. Shmaenok 

A. F. Ioffe Physicotechnical Institute, Academy of Sciences of the USSR, Leningrad 
(Submitted 21 July 1978) 
Zh. Eksp. Teor. Fiz. 76, 873-886 (March 1979) 

A new experimental method is proposed for the investigation of the photoionization of atoms from short- 
lived states, the excitation energy of which corresponds to the vacuum ultraviolet. The excited atoms are 
prepared by vacuum ultraviolet radiation from laser plasma. The technique has been used to investigate 
two-step photoionization of helium atoms. The ionization cross section u,, in the 4p 'P, state has been 
measured. A theoretical analysis is given of two-step resonance photoionization in one-electron 
approximations, taking into account correlations between atomic electrons. Calculations of U+ in the 
Hartree-Fock approximation are in satisfactory agreement with the measured values, whereas the 
contribution of correlation processes to u,, is small. 

PACS numbers: 32.80.Fb, 31.50. + w, 32.80.Kf, 52.25.P~ 

1. INTRODUCTION point of view of the properties of wave functions and the 
structure of complex atoms. Such studies are of con- 

Considerable progress in the photonionization of atoms siderable importance for applied purposes. 
from the mound state has been achieved as  a result of " 
the application of new experimental techniques and the Direct experimental study of elementary interactions 
development of theoretical methods capable of taking in- between photons and short-lived excited atoms require 
to account many-particle effects.' Ionization from ex- the use of high-intensity exciting and ionizing beams. 
cited states has not been studied to the same extent des- Two-step photoionization of alkali atoms has-been in- 
pite the fact that it is of considerable interest from the vestigated in some isolated cases with the aid of gas- 
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discharge sources of high intensity r a d i a t i ~ n . ~  How- 
ever, a much more fruitful approach has been the use of 
laser radiation.=-' This has been used to investigate 
atoms with excitation energies of a few electron volts in 
the frequency range of modern tunable lasers.  

It would appear a t  f irst  sight that, since, inthe excited 
state, the electron is a t  a relatively large distance from 
the core, the corresponding photoionization c ross  sec- 
tion should be similar to that of a hydrogen atom. How- 
ever, calculations show that this is not the case. The 
ionization cross  section of excited states is very differ- 
ent from the hydrogen cross  section and, in some cases, 
exhibits an interesting property, namely, rapid variation 
near the ionization threshold, indicating that the atomic 
field has a very complicated structure.1° Ionization from 
states formed by exciting an electron from an inner 
shell is accompanied by the decay of the resulting va- 
cancy and the rearrangement of all the electron shells 
of the atom. The c ross  section for this process should 
exhibit certain features such as oscillations, the study 
of which should yield information on the dynamics of 
electrons shell rearrangement and i ts  effect on the wave 
function of the electron removed during the ionization 
process. Experimental data on the photoionization of 
excited states will enable us to verify current theoreti- 
cal  ideas and models used to describe atoms a s  compli- 
cated multiparticle 

In this paper, we propose a new method for  the exper- 
imental investigation of photoionization from short-lived 
atomic states, the excitation energy of which corres- 
ponds to vacuum ultraviolet. The method is based on the 
use of vacuum ultraviolet radiation from lase r  plasma 
to prepare the excited states. The high intensity and the 
continuous spectrum of the vacuum ultraviolet radiation 
from the l a se r  plasma produced on a heavy metal target 
by a single laser  pulse carrying sufficient en- 
sures  that experiments with excited states of different 
atomic particles a r e  now possible. 

We have measured the absolute c ross  section for the 
photoionization of a helium atom from the 4p1pl state by 
a 1.17-eV photon. Preliminary results  obtained with this 
new technique were reported el~ewhere. '~ 

We have also carried out a theoretical analysis of 
photoionization from the 4p1p, state of helium in the 
Coulomb and Hartree-Fock approximations, and have 
determined the cross  section a s  a function of the energy 
of the ionizing photon in the range 1.0-1.4 eV in each of 
these approximations. The Hartree-Fock result is in 
satisfactory agreement with experimental data, whereas 
the result obtained in the Coulomb approximation ex- 
ceeds the experimental value by a factor of more than 
two. 

2. EXPERIMENTAL METHOD 

The experimental method described below was de- 
signed for the investigation of two-step photoionization 
of atoms and was used to investigate the photoionization 
of helium from the 4p1pl state. This was done in two 
stages. In the first  stage, the helium atom was excited 
by a vacuum ultraviolet photon of energy wl (we use the 
system of units in which h = 1) to the 4p1pl state through 

the reaction 
0,  (23.74 eV)  +He (Isa IS,) +He(4p 'P , ) ,  

and this was followed by absorption of a photon of energy 
exceeding the ionization threshold in this state, with the 
formation of the singly-charged He' ion and a free elec- 
tron: 

~ ~ ( 1 . 1 7  eV) +He (4p1P,) +He+(Is2Sc) +e(0.32 e V ) .  (2 

The aim was to determine the absolute cross  section 
04, for the reaction described by (2). The helium was 
simultaneously exposed to two pulsed photon fluxes. The 
vacuum ultraviolet flux of photons with energy w, was 
produced by passing the radiation from the laser  plasma 
through a vacuum monochromator. The source of phor 
tons of energy w, was a neodymium-glass laser. The 
He' ions produced a s  a result of photoionization from the 
excited state of helium were isolated by a time-of-flight 
method and were recorded. 

The c ross  section u4, was determined in two ways. In 
the f i rs t  method, the yield of the He' ions in the two- 
step process defined by (1) and (2) was compared with 
the yield of these ions in the ionization of helium from 
the ground state near the threshold: 

0, (224.59 e V )  +He( l s2  'So )  +He+ ( I s  ZS81,) +e .  (3) 

In the second method, we measured the variationin the 
He+ yield with increasing number of photons in the ion- 
izing beam. 

Experimental setup 

The experimental setup is illustrated schematically in 
Fig. 1. Radiation from the Q-switched neodymium laser  
(I), which consisted of the generator la  and the four- 
stage amplifier lb,  was directed into the vacuum cham- 
ber 8 and focussed by the objective 6 on the surface of 

FIG. 1. Schematic illustration of apparatus: 1-Q-switched 
neodymium-glass laser (a-master generator, b-four-stage 
amplifier); 2-splitter; 3-diffraction grating; P v a c u u m  
monochromator; 5-rotatable prism; Gfocusing objective; 
7-target; 8-vacuum chamber; %slits; 10-stop; 11, 23- 
electrodes of photoionization chamber; 12-time-of-Wight 
mass spectrometer (a-photoionization chamber, b-drift 
tube); 13, 19-broadband amplifier; 14, 20-broadband oscil- 
lograph; 15-ion detector; 1 &calorimeter; 17, 21-coaxial 
photocell; 18-attenuator; 22-vacuum ultraviolet detector; 
24-ionizing beam stop; 25--vacuum ultraviolet beam stop; 
26-monochromator exit slit. 
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the tantalum target 7. The plasma was produced by a 
40-nsec, 80-J l a se r  pulse. The energy flux density on 
the surface of the target in a focal spot of -150-p diam- 
eter was 1 @ 3 - 2 ~ 1 @ 3  W * C ~ - ~ .  

The vacuum ultraviolet radiation from the laser  plas- 
ma was sent through a Seya-Namioka m o n o ~ h r o m a t o r ~ ~  
provided with a tungsten-coated toroidal diffraction grat- 
ing 3. The two entrance slits 9, located at 6 and 120 mm 
from the laser  plasma, respectively, defined the width 
of the region in the laser  plasma from which the radia- 
tion intercepted by the diffraction grating 3 originated." 
The emerging monochromatic vacuum ultraviolet beam 
was collimated by the entrance window 25 of the photo- 
ionization chamber of the time-of-flight mass spectro- 
meter 12:' It then passed between the electrodes 23 
and was detected by the V ~ U - 1 A  open electron multipli- 
e r  22. The signal from the detector 22 was received by 
the broad-band amplifier 19 and the output of this was 
applied to the broad-band storing oscillograph 20. 

The beam of ionizing quanta of energy w, was produced 
by the beam splitter 2, which diverted 8% of the energy 
of the main laser  beam. It was then collimated by the 
entrance window 24 and was allowed to pass between the 
electrodes 23 of the photoionization chamber. The ener- 
gy and time parameters of the ionizing beam were re- 
corded by the calorimeter 16 and coaxial photocell 17. 

The photoionization chamber 12a was filled with heli- 
um to a pressure 0.2 x lom4 - 2 ~ 1 0 ' ~  mm Hg. Simultan- 
eous exposure to the vacuum ultraviolet and the ionizing 
beams in the region between the electrodes 23 produced 
the Het ions a s  a result of the two-step process (I), (2). 
The Het ions and the ions of the residual gas were ex- 
tracted from the working volume of the photoionization 
chamber into the accelerating gap between the elec- 
trodes 23 and 11, and were then separated in space by a 
time-of-flight technique in the drift tube 12b. They 
eventually reached the first dynode of the detector 15 
( V ~ U - 1 ~ ) .  The signal from the detector 15 was ampli- 
fied and recorded by the storing oscillograph 14. The 
amplitude of the He+ ion peak on the oscillogram was 
proportional to the yield of these ions in the photoioniza- 
tion process. 

When the Het ion yield was studied a s  a function of the 
wavelength of the vacuum ultraviolet radiation in the 
range 49.50-54.00 nm, the amplitude of the Het ion peak 
had to be normalized because of the appreciable (2%) 
instability of the radiation from the laser  plasma from 
burst to burst. Two normalization procedures were em- 
ployed. In the first, the reference quantity was the sig- 
nal from the detector 22. Linearity of this signal in the 
number of recorded quanta was ensured by reducing the 
intensity of the vacuum ultraviolet beam at  entry to  the 
detector by a factor of 100 with the aid of the attenuator 
18. In the second method, the He+ peak amplitude was 
measured simultaneously with the amplitude of one of the 
ion peaks due to the residual gas  (O;), the production 
cross  section for which was practically constant within 
the vacuum ultraviolet wavelength range under investi- 
gati0n.2~ The ratio of these peak amplitudes at any point 
in the spectrum depended only on the Het production 
cross section?) 

Parameters of light beams 

The number of vacuum ultraviolet photons traversing 
the photoionization chamber per pulse was measured by 
the method described in the l i t e r a t ~ r e ~ ~ * ' ~ * ' ~  and was 
found to  reach N, -10" nm" cm',. 

The number of photons in the ioliizing beam was de- 
termined by measuring i t s  energy with the IKT-1M calo- 
r imeter,  and was found to l ie in the range N, = 1v7 
- 1018. The readings of the IKT- 1M were checked 
against a calibrated device for measuring the energy of 
l a se r  pulses.25 The uniformity of the ionizing beam was 
monitored with a photographic plate. 

The above values of N, and N, correspond to the fol- 
lowing fluxes of vacuum ultraviolet and ionizaing radiation 
averaged over the corresponding pulses: 

f ,=2. nm-I . c m 2 .  sec-', f ,= loz8- lo2' cm-%. s e ~  - I .  

The time parameters of the vacuum ultraviolet and 
ionizing pulses were measured with the detector 2 and 
coaxial F E K = O ~  photocell 17, placed at equal distances 
from the photoionization chamber. Signals from the two 
detectors were first  passed through the amplifier 19 and 
eventually received by the oscillograph 20. The pulse 
from the coaxial photocell 21, which was used as a ref- 
erence time marker for each oscillogram, was applied 
to the second input of the oscillograph 20. Figure 3 (see 
below) shows the corresponding oscillograms of pulses 
due to the vacuum ultraviolet and ionizing radiation. 

3. EXPERIMENTAL RESULTS 

Observation of photoionization of excited helium 

Figure 2 shows the He+ yield a s  a function of the wave- 
length x of the vacuum ultraviolet radiation in the first- 
order spectrum within the range 49.50-54.00 nm. The 
broken curve corresponds to the exposure of the gas to 
the vacuum ultraviolet photons alone. The apprearance 
of the He+ ions for X > 50.42 nm is due to the ionization 
of helium by radiation in the second-order spectrum. 
F o r  A s 50.42 nm, helium is ionized by radiation corres- 
ponding to both orders. 

The solid curve in this figure shows the He+ yield ob- 
tained by the simultaneous application of the vacuum 

FIG. 2. Yield of singly-charged helium ions, U, a s  a function 
of wavelength A of the vacuum ultraviolet radiation near the He 
absorption edge. The wavelength scale corresponds to the 
first-order spectrum. Broken curve-ion yield when the gas 
was exposed to the vacuum ultraviolet alone. Solid curve-ion 
yield when both the vacuum ultraviolet and ionizing beams were 
introduced. Ut-threshold value; IP-ionization potential. 
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ultraviolet and the ionizing beams. The resonance in- 
crease in the Het yield near A, = 52.22 nm, & = 51.56 nm, 
and & = 51.21 nm may be regarded as evidence for the 
ionization of helium from the 4p1p1, 5p1pl, and 6p1pl 
states. The Het yield was measured with spectral reso- 
lution AA =0.25 nm:l which corresponds to the width of 
the 4p1P1 (A,) peak and the absorption edge of He (A, 
= 50.42 nm). This is insufficient to  resolve photoioniza- 
tion effects due to the 5p1p1 and 6p1pl states. 

Control experiments 

The aim of these experiments was to show that the ad- 
ditional yield of helium ions, U, (Fig. 2), was almost en- 
tirely due to the two-step photoionization f rom the 4p1pl 
state of helium, in accordance with (1) and (2). The fact 
that the additional helium ions appeared only in the pres- 
ence of both the vacuum ultraviolet and the ionizing 
beams substantially reduced the range of processes cap- 
able of contributing to  U,. 

1. The incidence of the ionizing beam of lo7 W 
on the electrodes of the ionizing chamber produced the 
release of a large number of electrons from the metalz8 
and these, in turn, were capable of ionizing the helium 
gas a s  a result of acceleration by the electric field be- 
tween the electrodes. T o  suppress the secondary beam 
reflected from the entrance window of the photoionization 
chamber, the lat ter  was located a s  far as possible from 
the electrodes 23 and was placed a t  an angle of 45" to the 
beam axis. 

Periodic checks were made in the course of the ex- 
periment to verify the absence of ions from the photoion- 
ization chamber after the transmission of only the ion- 
izing beam through it. 

2. In principle, helium can be ionized from the 4p1p1 
state by several 1.17-eV photons. However, i t  is well 
known that a light-wave field of a t  least lo5 V .cm-' is 
necessary for the observation of multiphoton ionization 
of atoms:' whereas the electric field produced by the 
ionizing beam in the photoionization chamber did not ex- 
ceed 5000 V *cm-'. 

In accordance with the foregoing, we did not observe 
photoionization from the 3p1p, state of helium (A, 
=53.74 nm, Fig. 2), which was possible a s  a result of 
the participation of a t  least two photons with energy of 
1.17 eV each. Since the excitation and ionization from 
the 3p1pl and 4p1P1 states occurred under similar condi- 
tions in our experiment [equal intensities of exciting and 
ionizing radiation and comparable excitation probabil- 
ities: A,,,,, = 5.66 ~ 1 0 8  sec" and A, ,-,,=2.46 x 108 
sec" (Ref. 28)] we conclude that the contribution of 
multiphoton processes to the ionization in the 4p1pl state 
can be neglected. 

Determination of the absolute cross  section for photo- 
ionization from the 4p1pl state of helium 

It was shown above that the additional yield of Het 
ions, observed a t  the point A, = 52.22 nm (Fig. 2) when 
both the vacuum ultraviolet and the ionizing beams were 
passed through the photoionization chamber, was exclu- 
sively due to ionization from the 4p1pl state of helium by 
a photon of 1.17 eV (1.06p), i.e., the two-step process 

defined by (1) and (2). Measurements of the additional 
yield of ions, U,, enabled us to find the absolute c ross  
section for the process defined by (2). 

The formula for a,, was derived on the assumption that 
(a) the intensity of the exciting radiation was constant 
within the absorption line of the atom, and (b) the reso- 
nance absorption of a beam of photons of energy w, and 
the absorption of a beam of photons of energy wz along 
the working path in the gas were small. The balance 
equation for the number of helium atoms in the 4p1pl 
state, n*(t), which appear in a gas exposed to exciting . 
photons of intensity I,(t) and disappear as a result of 
spontaneous decay of this state and its ionization by the 
radiation of intensity Iz(t), is 

dn'(t)/dt=Cnof,.-,,I,(t) -A,,na(t) -a,,I,(t) n'(t) (4) 

where C =nt?/mc, n,, is the density of atoms in the 
ground state, f,,,,, = 0.03 is the oscillator strength for 
the lsZ1S, - 1s4p1~ ,  transition:" and A,,= 2.55 x 108 sec-' 
is the total decay probability of the 4p1p1 state.28 The 
first  term on the right-hand side of this equation is the 
number of atoms excited per  second per  unit volume of 
the gas.29 

Since the intensities I,(t) and Iz( t )  remain sensibly 
constant during the lifetime of the 4p1pl state, which 
does not exceed 3.9 nsec (see Fig. 3), the numbenof ex- 
cited atoms is also a slowly-varying function of time. 
Bearing this in mind, substituting dn*(t)/dt = 0 in (41, 
and integrating over the time interval t, - t z  (Fig. 3), we 
obtain the total number of Het ions accumulating per 
unit working volume in the photoionization chamber dur- 
ing the simultaneous application of the two beams: 

This equation i s  the starting point for the determination 
of the c ross  section a,, because the observed additional 
yield Ua is proportional to the number n+ of ions: 

ti, =ii,n+. (6) 

However, direct utilization of (5) and (6) i s  complicated 
by the fact that the coefficient k ,  depends on the geome- 
try of the mutual disposition of the ionizing and exciting 
beams, the collection and detection efficiencies of the 
time-of-flight spectrometer for the Het ions, and the 
gain of the electronics. The following device was used 
in order to avoid measuring these parameters of the 
time-of-flight spectrometer and the recording system. 

FIG. 3. Vacuum ultraviolet radiation intensity I,(t) (curve l), 
the intensity Iz(t) of the ionizing radiation (2). and their linear 
approximations. 
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With the monochromator adjusted for A c50.42 nm, the 
photon intensity I,(t) produces the following number of 
ions per  unit volume during the time t, - t4 of operation 
of the vacuum ultraviolet pulse (Fig. 3): 

1, 

nt+=o,n,Av I I ,  ( t )  dt 
I ,  

and this is proportional to the quantity Ut (Fig. 2): 
U, =k,++ (8) 

where a, = 7.5 x 10'18 cm2 is the photoionization cross  
section of helium near the t h r e ~ h o l d ? ~  and AV = CAA/A' 
= 3 x lox3 Hz is the frequency spread of the vacuum ultra- 
violet radiation after the monochromator. A special 
control experiment was performed to  determine the 
photoyield of Ar+  ions, and i t  was found that the intens- 
ity Zl(t) of the vacuum ultraviolet photons in the photo- 
ionization chamber was practically constant within the 
wavelength range 49.50-54.00 nm. 

For  our geometry of gas illumination, k, = k2, i.e., 
U,/Ut = n  +/n;, and the formula for 04, is a s  follows: 

To evaluate the integrals in this expression, the func- 
tions ~ , ( t )  and I,(t) were replaced by the linear functions 
shown in Fig. 3. Equation (9) was then found to reduce to 

where 

Z - ~ = ~ O , P ~ I A ~ ~ ~ ~ W ~ S  

(s is the cross-sectional a rea  and $ the energy of the 
ionizing beam), and 

It is important to note that (10) does not involve Zl(t). 
To determine the absolute value of o,, we must perform 
an absolute determination of the time parameters of the 
vacuum ultraviolet and ionizing pulses and the total num- 
ber of ionizing photons (energy of the ionizing beam) a s  
well a s  a relative determination of U, and Ut. 

Numerical solution of (10) was used toobtain the photo 
ionization c ross  section of helium from the 4p1pl state 
under exposure to the 1.17 eV photons. The result was 
0 ~ , = ( 1 5 * 5 ) ~ 1 0 - ~ ~  cm2. 

Another method of determining a,,, which does not in- 
volve F and U,, is to determine the He+ yield a s  a func- 
tion of the energy of the ionizing beam. This enables us 
to find o,, from the equation: 

z+ ( z + l )  [ lnz-  l n ( z + l )  ]+'It - U. --. 
z'+ (z'+l) [In 2'- 1n(z1+l) Ubf 

where U, and U,' is the He+ yield for the following two 
values of the energy of the ionizing beam, respectively: 
I - z  and $'-z'. 

It is clear from (11) and (13) that this method of de- 
termining a,, rel ies on absolute measurements of I, BP', 
and t, (Fig. 3), and relative measurements of U, and UA. 

If we substitute the experimental data corresponding to 
I= 0.025 J and It= 0.1 J in (13), we obtain the following 

value (to within a factor of 2)  of the cross  section: a,, 
= 1 WO'17 cm2. 

The smallest uncertainty (6%) in 04,, was achieved in 
the first  method, which is based on measurement of the 
ratio U,/Ut i n  (10). The largest contribution to this un- 
certainty is due to experimental e r r o r  and to fluctuations 
in the time parameters of the vacuum ultraviolet and ion- 
izing pulses, and also in U,. The point is that these 
quantities were not measured simultaneously in the 
course of the experiment and only average values were 
substituted in (10). When U, is measured a t  the same 
time a s  the oscillograms of the two pulses a r e  recorded 
(Fig. 3), the uncertainty in the result can be reduced to 
3%. The choice of the energy of the ionizing beam 
plays a particular role. When the c ross  section is de- 
termined from the ratio U,/U,, the increase in intensity 
(energy $) of the ionizing beam is accompanied by a 
monotonic increase in the uncertainty in the final result 
(in the limit of very large values of I ,  the ion yield sat- 
urates, i.e., al l  the excited atoms a re  ionized and U, i s  
practically independent of g). The beam energy w2 was 
therefore chosen to be a s  low a s  possible in the first  
method (sufficient to ensure that U, lay above the noise 
level of the recording equipment). 

The method of determining the cross  section from (13) 
is more attractive, at least in principle, since it in- 
volves measurement of a smaller number of parameters. 
I t s  other advantage i s  that the experiment can be per- 
formed at higher gas pressures  because resonance ab- 
sorption of the exciting quanta does not, in this case, af- 
fect the final result. However, analysis shows that the 
use of (13) ensures final precision that is greater than in 
the f i rs t  method but only when the width of the interval 
I- g' is sufficient. In our experiments, the appearance 
of a background signal connected with the design features 
of the photoionization chamber prevented us from raising 
the energy in the f i rs t  method above 0.15 J, whereas, to 
make use of the advantages of the second method, the en- 
ergy must be -1 J. The saturation methods could not, 
therefore, be used to determine a,,. 

4. CALCULATION OF THE CROSS SECTION FOR THE 
PHOTOIONIZATION O F  HELIUM FROM THE 4p1pl 
STATE 

Formulation of the problem 

The photon flux density in our experiment was such 
that processes involving the participation of three o r  
more photons could be neglected with a high degree of 
accuracy.27 We shall therefore consider the two-step 
photoionization process in which the absorption of a pho- 
ton of energy w, is accompanied by a transition of an 
electron from the groundstate of the helium atom to a 
real  o r  virtual intermediate state from which the second 
quantum of energy o2 takes the system to the continuous 
spectrum. Figure 4 shows the simplest Feynman dia- 
grams for this process. Summation over the excited 
states and integration over the continuous spectrum a r e  
assumed. 

We a re  interested in energies of the first photon lying 
near the resonance energy w, =23.74 eV, which corres- 
ponds to the excitation of the 4p level from the ground 
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FIG. 4. Feynman diagrams for the two-step photoionization of 
helium. 

state. In this case,  the dominant contribution to the am- 
plitude for the process is due to  the transition of the 
electron to the 4p level, and the contribution of virtual 
s tates (i.e., all the t e rms  in the sum over E' with the ex- 
ception of the t e rm corresponding to the 4p level) can be 
neglected. The expression for the c r o s s  section for this 
process is obtained by associating a matrix element con- 
structed in accordance with the usual correspondence 
rules3' with the diagram of Fig. 4a, re fer r ing  the transi- 
tion probability to unit incident-photon flux densities, 
separating the angular variables, integrating with re-  
spect to angles, and summing over the components of the 
orbital angular momentum and the spin of the escaping 
electron. The final e x ~ r e s s i o n  is 

(14) 
where Inl), ( ~ ~ 1 , )  a r e  the initial and final s ta tes  of the 
escaping electron in the discrete (energy En)  and contin- 
uous (energy h) spectra, respectively, Inlll) is the in- 
termediate resonance state with energy E ,  =E,,, r,,, 
is i t s  width, and (n l ( ( r  (ln,h) and (nlll Ilr 11 ~ l , )  a r e  the 
reduced dipole matrix elements in the "length form" for  
the nl-n,h and ~ l , - ~ l ,  transitions. 

The  expression given by (14) must be averaged over 
the energy w, because the width of the spectral  distribu- 
tion of the exciting vacuum ultraviolet radiation used in 
our experiment, namely, AU = 3 X 1013 Hz, was much 
greater  than the natural width of the 4p s ta te  (r4,=2.55 
x 10' Hz). The  integration in (14) with respect  t o  w, can 
be carried out with the aid of the result  

and the final expression is 

where on,,nl,l(ol) and ,,(w,) a r e  the single-pho- 
ton ionization c r o s s  s e c t ~ o n s  from the s ta tes  (n l )  and 
( n , ~ , ) ,  respectively, and AE = 2 r A u  is the energy width 
of the vacuum ultraviolet radiation. 

According to the above estimates, the natural width of 
the 4p state is largely due to  the 4p- 1s radiative transi- 
tion probability, s o  that r can be expressed in t e rms  of 
the nl-n,l, transition matrix elements a s  follows: 

and the expression for  the c r o s s  section can be written 
in the form 

Calculation of ionization cross section 

The determination of the two-photon resonance ioniza- 
tion c r o s s  section is thus reduced to the evaluation of 
the c r o s s  section for the photoionization from the excited 
state (n,,!,), which, in view of (14) and (15), can be writ- 
ten in the form 

where (Y = 1/137, a. is the Bohr radius, and the c r o s s  
section is measured in megabarns. The  reduced matrix 
element is 

where P ,,,, (r)/r, PCzIZ (r) / r  a r e  the radial par t s  of the 
electron wave functions in the initial excited and final 
states, In,l,) and I E , ~ ~ ) ,  respectively. 

The  total photoionization c r o s s  section u,, consists of 
the two part ial  c r o s s  sections o,,,,, and o,, ,,, corres-  
ponding to  photoionization in which the electron goes into 
the d o r  s state in the continuous spectrum, respective- 
ly: 

The  formulas given by (18) and (19) were used to calcu- 
late o,,, o,, ,,,, and u,,, ,, in the Coulomb and Hartree-  
Fock approximations. Calculations showed that the main 
contribution (about 9%) t o  the total c r o s s  section was 
provided by the 4p - & d  transition. 

T o  calculate the c r o s s  section u,,, ,, in the Coulomb 
approximation, the wave functions for  the initial (4p) and 
final ( ~ d )  states were taken to be the wave functions for  
an electron in the screened Coulomb field due to the 
charge Z,,, =Z - Thi s  yielded the c r o s s  section a s  a 
function of the energy of the departing electron in the 
range between the threshold and about 1 eV beyond the 
threshold. Th i s  range is fully acceptable because it in- 
cludes the point &=0.32 eV, which we investigated ex- 
perimentally, and enabled us  to obtain data that will be 
useful when an analogous study is performed with a tun- 
able l a s e r  a s  the source of ionizing photons. The results  
a r e  illustrated in Fig. 5 (curve 1). As can be seen, with 
increasing energy the c r o s s  section decreases  quite rap- 
idly from the threshold down to 22 Mb a t  w, = 1.5 eV. F o r  
the photon energy used in our experiment (w, = 1.17 eV), 

FIG. 5. Cross section for photoionization from the 4p 'P, state 
of helium as a function of the photon energy w2 in the Coulomb 
approximation Q )  and the Hartree-Fock approximation: P F ( 3 )  
and offF ,, (2). Points-experimental (present work). The upper 
scale shows the energy of the departing electron. 
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this c ros s  section turns out to be a$FL=32 Mb. Figure 5 2@, whereas Fig. 6d reduces the c r o s s  section o,,,,, 
a lso shows the Hartree-Fock c r o s s  section oy: (curve 3) by about 1%. I t  follows that the correlation corrections 
and the c r o s s  section oGFF,, calculated in the one-elec- reduce the c r o s s  section a,, by about 3.%, s o  that, for 
t ron Hartree-Fock approximation (curve 2). In  this w, = 1.17 eV, the result  is a,,= 18.9 Mb. This  calculated 
case, the wave functions of the electron moving in ac- value is in good agreement with the experimental result,  
cordance with the Hartree-Fock model in the self-con- o,,= 15 i 5  Mb (see Fig. 5). 
sistent field of the core3' were calculated numerically on Comparison of the calculated and measured resul t s  
the basis of a special program," and the electron in  the (Fig. 5)  shows that the Coulomb approximation does not 
4p and cd states was described by functions correspond- 

correct ly describe the photoionizationprocess under con- 
ing to the motion of the excited o r  ionized electron in the 

sideration. Satisfactory agreement with experiment can, 
field of the "frozen" ion with a 1s vacancy.33 In  the op- 

however, be achieved within the framework of the one- 
posite case, i.e., in the determination of the wave func- 

electron Hartree-Fock approximation. Although the con- 
tions for  an electron removed from the ls2 shell in the tribution due to correlation effects is small, it does 
field of a one-electron atom with nuclear charge Z =2, bring the theoretical and experimental results  c loser  
the calculation leads to a c r o s s  section which is l e s s  together. The  small  contribution of correlation proces- 
than the c ros s  section in the case  of the "frozen" ion by s e s  to the c r o s s  section (3.5%) enables us to conclude 
1%. This  difference will, however, be significant when that the measured cross section is, in fact, the cross 
we consider ionization from inner o r  intermediate shells  section f o r  the ionization of the 4p electron moving in the 
of a many-electron atom because relaxation of the outer self-consistent Hartree-Fock field by the photon of en- 
shells during slow removal of an electron from such an  ergy 02. 
atom will have an important effect on the field in which 
the electron moves.34 We note that the ground-state photoionization c r o s s  

The above calculations were performed for  two forms 
of the operators involved in the interaction with the elec- 
tromagnetic field, namely, length r and velocity V. F o r  
exact wave functions, these two se t s  of results  should be 
identical.35 In the Hartree-Fock approximation, the non- 
local nature of the exchange potential ensures  that the 
c ros s  sections uFr and 0 5 ~  a r e  different. Fo r  w, = 1.17 
eV, the two c ros s  sections differ by l e s s  than 1% (o,HF 
= 19.63 Mb and oH'= 19.57 Mb). 

Comparison with experiment 

T o  verify that the diagrams of Fig. 4 do, in fact, de- 
scribe the experimental data, we have car r ied  out a 
theoretical est imate of the correct ions to the amplitudes 
in this figure. These  correlation corrections a r e  repre-  
sented by the diagrams of Fig. 6. When the photon ener- 
gy wl is close to the resonance value, they lead to the 
same final s ta tes  a s  the processes of Fig. 4. Est imates 
of the contribution of the diagram of Fig. 6a show that 
the contribution due to the correlation between atomic 
electrons to the c r o s s  section o,,,,, is l e s s  than 1% in 
the case  of excitation of the 4p state. 

Calculations of the other contributions represented by 
Figs. 6b-d, performed with the aid of the Hartree-Fock 
wave functions, show that the correlations defined by 
Figs. 6b and c reduce the c r o s s  section o,,, ,, by about 

FIG, 6, Feynman diagrams for correlation processes. 

section i s  much c loser  to the hydrogen-type c r o s s  sec- 
tion than is the c r o s s  section in  the excited state. 
Hence, we may conclude that the excited state c r o s s  
section is more sensitive to the choice of the theoretical 
model used to  describe the atom. The position of the 
excited state is determined both by the "frozen" field of 
the co re  and by relaxation, i.e., the rearrangement of 
the field in the course of ionization o r  excitation. The  
influence of this rearrangement on the position of the 
excited state i s  grea ter  than its effect on the position of 
the vacancy in the core. T o  summarize,  i t  may be con- 
sidered that measurements of excited-state photoioniza- 
tion c r o s s  section's, especially in the ca se  of excitation 
from inner o r  intermediate shells, will provide a very 
sensitive check on theoretical models used to describe 
the atom. 

5. CONCLUSIONS 

This  paper presents  the f i r s t  experimental and theo- 
ret ical  study of the photoionization of the helium atom 
from the 4p1pl state. We have shown that this is a two- 
step process. We have established that the photoioniza- 
tion c r o s s  section in the excited state cannot be de- 
scribed by the Coulomb approximation and demands the 
use  of the more accurate Hartree-Fock wave functions. 

Direct  determination of the helium photoionization 
c r o s s  section from the s ta te  with excitation energy of 
23.74 eV became possible a s  a result  of the use of the 
l a s e r  plasma radiation. So f a r  a s  we know, l a s e r  plas- 
m a  has  not been previously used as a source of vacuum 
ultraviolet and soft x-ray radiation for  the study of ele- 
mentary photon-atom interactions. The particular fea- 
t u r e  of sources of this kind (which is important for  pro- 
ce s se s  involving the participation of atoms in short- 
lived excited states)  is the high photon-flux density in 
the continuous spectrum. A s  noted above, in our experi- 
ment, this density was I = 2  ~ 1 0 ' ~  nm-' . cm-2 sec" at  
exit from the monochromator, which is higher by three 
o r  four o rde r s  of magnitude than the radiation flux den- 
sity at exit from the monochromator of synchrotron ra-  
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diation produced by modern storage rings.36 (Laser 
plasma cannot, however, compete with the storage ring 
insofar as the number of photons emitted "per working 
day" is concerned.) This fact enables us to look upon 
laser plasma as the equivalent of the yet unavailable 
tunable vacuum-ultraviolet laser in experiments in 
which the other specific properties of laser radiation are 
unimportant. 

A natural development of our technique i s  to use a tun- 
able laser to produce a beam of ionizing photons, so that 
a study can be made of the energy dependence of the ex- 
cited-state photoionization cross sections including, in 
particular, the 4p1S,, photoionization cross section of Ar 
in the near-threshold region (u, =2.5 - 4.0 eV), This is 
of considerable interest from the theoretical point of 
view because this cross section undergoes a substantial 
variation1' near the ionization threshold, and i s  very 
sensitive to the choice of wave function. It i s  expected 
that the precision of the experimental data on the cross 
section will be sufficient for a choice to be made of the 
correct theoretical description of the process. 

Studies of ionization from excited states produced as 
a result of the removal of an electron from an inner 
shell are also promising. 

The authors are indebted to V. M. ~ukel'skii  for 
his interest in this research. 
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