
Vol 12 No 5, May 2003 c
 2003 Chin. Phys. Soc.

1009-1963/2003/12(05)/0524-04 Chinese Physics and IOP Publishing Ltd

Experimental study of conversion from atomic

high-order harmonics to x-ray emissions*

Wang Qi(� 	)y, Chen Jian-Xin(���),

Xia Yuan-Qin(���), and Chen De-Ying(���)

National Key Laboratory of Tunable Laser Technology, Harbin Institute of Technology, Harbin 150001, China

(Received 16 May 2002; revised manuscript received 3 January 2003)

There are two physical phenomena in a strong laser intensity. One is the high-order harmonic emission; the

other is x-ray emission from optical-�eld ionized plasmas. The experiment of conversion from high-order harmonics to

x-ray emissions was given with a 105fs Ti:sapphire laser by adjusting laser intensities. The ingredient in plasma was

investigated by the numerical simulations. Our experimental results suggested that the free electrons have detrimental

e�ects on harmonic generation but are favourable for x-ray emission from optical-�eld ionized plasmas. If we want to

obtain more intense harmonic signals as a coherent light source in the soft x-ray region, we must avoid the production

of free electrons in plasmas. At the same time, if we want to observe x-rays for the development of high-repetition-rate

table-top soft x-ray lasers, we should strip all atoms in the plasmas to a necessary ionized stage by the optical-�eld-

ionization in the �eld of a high-intensity laser pulse.

Keywords: high-order harmonic, x-ray emission, experimental conversion

PACC: 4265K, 9260L, 5250J

1. Introduction

Recent advances in the short-pulse laser tech-

nology have stimulated research on the production

of coherent radiation in the extreme ultraviolet by

high-order harmonic generations of an intense laser

�eld.[1�5] The high-order harmonics are promising as

a coherent light source in the soft x-ray regime. At

the same time, multiple-charged ions are generated

directly by the optical �eld but not by collisional ion-

ization at light intensities above 1014W/cm2. Optical

�eld ionization (OFI) can be described quasi-statically

with Ammosov{Delone{Krainov (ADK) or barrier-

suppression ionization (BSI) models.[6�8] Scheme

based on the OFI of atoms in an intense laser �eld pro-

vided by commercial TW femtosecond laser facilities is

one of the most promising ways of developing table-top

x-ray lasers for practical applications.[9�13] In experi-

ments, the free electrons generated during the process

of laser-atom interactions have a great in
uence on the

process of high-order harmonic generations and x-ray

emissions from OFI plasmas. In this paper, we report

the experimental study and theoretical consideration

of the conversion from high-order harmonic genera-

tions to x-ray emissions from OFI plasmas. This as-

pect is of importance to x-ray lasers.

2.Theoretical consideration

At laser intensities above 1014W/cm2, OFI be-

comes a key mechanism for plasma production and

heating. With ultrashort pulse laser systems, a plasma

in strong nonequilibrium state can be created by OFI

of a gaseous medium in an intense laser �eld. In

this paper, we use the tunnelling ionization theory of

ADK[6] to describe laser-atom interactions in strong

�elds because the experiments in Ref.[7] con�rm that

the ADK rates are in better agreement with the data

than the Keldysh rates. The ADK ionization rate for

a linearly polarized light is given by
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where !0 (4.1�1016s�1) is the atomic unit of fre-
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quency, Z denotes the charge number of the created

ions, Eb (5.1�10
9V/cm) is the atomic �eld strength,

n� is the e�ective quantum number which can be ob-

tained by equating the ionization potential Ei of the

critical electron orbit with (Z2=n�2)Eh,

n� = Z=(Ei=Eh)
1=2; (2)

where Eh (13.6eV) is the ionization potential of hy-

drogen.

Assuming a stepwise ionization process, the elec-

tron number Nj of the charge state j at time t can be

expressed by

8>>>>>>>>>>>><
>>>>>>>>>>>>:

_N0(t) = �W1(E(t))N0(t);

� � � � � �

_Nj(t) = Wj(E(t))Nj�1(t)�Wj+1(E(t))Nj(t);
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ZmaxX
j=0
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(3)

where Wj(t) is the ionization rate for the production

of charge state j. Figures 1{3 show that the typi-

cal evolutions of the charge-state population in nitro-

gen for the 105fs linearly polarized laser pulses with

peak intensities of 0.8�1014W/cm2, 1�1014W/cm2,

and 7.5�1014W/cm2 respectively. One can see from

Fig.1 that there are only N atoms in the plasma before

arriving at the laser peak. This implies that at this

peak intensity one can only observe the high-order

Fig.1. Evolution of the relative populations of the

charge states in nitrogen for a 105fs linearly polarized

laser pulse with a peak intensity of 0.8�1014W/cm2.

harmonic emission. With increasing laser intensity,

one can see from Fig.2 that a little of C-like N ions is

produced, but at this peak intensity there are more N

atoms in the plasma. So we have probably obtained x-

ray emissions from the C-like N ions. When the laser

intensity is increased up to 7.5�1014W/cm2 (Fig.3),

one can see that the N atoms are completely stripped

into C-like and B-like N ions before arriving at the

laser peak. This implies that at this peak intensity

high-order harmonic generations cannot be observed

while x-ray emissions from the C-like and B-like N ions

can be obtained.

Fig.2. Evolution of the relative populations of the

charge states in nitrogen for a 105fs linearly polarized

laser pulse with a peak intensity of 1.0�1014W/cm2.

Fig.3. Evolution of the relative populations of the

charge states in nitrogen for a 105fs linearly polarized

laser pulse with a peak intensity of 7.5�1014W/cm2.
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3.Experimental set-up

The experimental set-up is shown in Fig.4. The

femtosecond laser system used in the experiment is

a commercial (America Spectra Physics Co), high-

repetition rate (10Hz), Ti:sapphire chirped pulse am-

pli�cation system with a maximum energy output of

60mJ. A 105fs 795nm linearly polarized laser pulse is

passed through a 50.8mm diameter, 5mm thick MgF2

window into an evacuated chamber, which is focused

by a 320mm focal length lens into a pumped nitrogen

gas cell. In the target cell two replaceable pinholes of

diameter < 500�m, whose separation can be varied by

means of transition stages, provide the entrance ori�ce

for the pump laser and the exit ori�ce for the pump

and XUV lasers. These pinholes are drilled in brass

stocks by the femtosecond laser pulse.

Fig.4. Experimental set-up of high-order harmonics

and x-ray generations in N2.

The XUV radiation escaping from the target

cell enters a 0.5mm vacuum Seya Namioka scanning

monochromator (Acton Research Corp. model VSN-

515), whose entrance slit is located 460mm from the

centre of the target cell to protect the grating en-

trance, slits are 100�m wide and 10mm high, and

the grating has a groove density of 1200 lines/mm.

The spectrometer has an accuracy of 0.01nm and

a resolution of 0.05nm in the vicinity of 121.6nm

with a scanning speed 10nm/min. The signal is de-

tected by a windowless photomultiplier mounted on

the monochromator. Electronic signals from the win-

dowless photomultiplier are transferred to the average

signal interfaced with an oscillograph and a boxcar

integrator with a 20ns time gate. All the measured

voltage data have been normalized to be directly com-

pared with a signal corresponding to a bias of 1600V.

The spectra shown in this paper have not been cor-

rected for the spectral response of the detection sys-

tem.

4.Results and discussion

The high-order harmonic spectra and x-ray emis-

sion observed in nitrogen at di�erent laser intensity

are shown in Figs.5{8. The corresponding intensi-

ties are 0.8�1014W/cm2 in Fig.5, 1�1014W/cm2 in

Fig.6, 1�1014W/cm2 in Fig.7 and 7.5�1014W/cm2

in Fig.8. The saturation intensity of nitrogen is

about 1.5�1014W/cm2 for the laser with wavelength

of 795nm and pulse duration of 105fs deduced from

barrier suppression ionization. Thus the laser inten-

sity applied is high enough to ionize neutral nitrogen

to N+ and N2+, and the e�ect of free electrons on

the high-order harmonic generations and x-ray emis-

sion can be well studied in this intensity regime. With

relatively low laser intensity (Fig.5), the second spec-

tra of high-order harmonic and the spectral line of

N+: 2p2-3d is not evident, and the �rst high-order

harmonic signals can be obtained. When the laser

intensity is increased up to 1�1014W/cm2 (Fig.6),

the weak line of N+: 2p2-3d and the second spectra

of the high-order harmonics appear while the inten-

sity of the �rst harmonic signals are the most intense

among these three cases. With the laser intensity of

1.5�1014W/cm2 (Fig.7), the spectral line of N+: 2p2-

3s becomes intense and the intensity of the �rst har-

monic signals becomes weakened. With the laser in-

tensity of 7.5�1014W/cm2 (Fig.8), the spectral line

of N+: 2p2-3d becomes very intense and the spectral

lines of N2+ appear. However, the high-order har-

monic emissions are completely dispersed. Thus, we

have revealed evidently that the free electrons gener-

ated in the interactions between the atoms and in-

tense laser �eld have a deep in
uence on the convert-

ing process of high-order harmonic generations and

x-ray emission based on the OFI. The experimental

results shown in Figs.5{8 agree well with the theoret-

ical interpretation.

Fig.5. High-order harmonic spectra and x-ray emission

in N2. The laser intensity is about 0.8�1014 W/cm2, the

pressure is 1.03kPa.
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Fig.6. High-order harmonic spectra and x-ray emission

in N2. The laser intensity is about 1�1014 W/cm2, the

pressure is 1.03kPa.

Fig.7. High-order harmonic spectra and x-ray emission

in N2. The laser intensity is about 1.5�1014 W/cm2, the

pressure is 1.03kPa.

Fig.8. High-order harmonic spectra and x-ray emission

in N2. The laser intensity is about 7.5�1014 W/cm2, the

pressure is 1.03kPa.

5.Conclusion

In conclusion, our experimental results presented

in this paper provide a clear experimental demonstra-

tion of conversion from high-order harmonic genera-

tions to x-rays emissions from the OFI plasmas due

to the in
uence of ionization by directly observing

the spectral line of N+:2p2-3d. The results also show

that the free electrons have detrimental e�ects on har-

monic generations but are favourable for x-ray emis-

sions from the OFI plasmas. If we want to have more

intense harmonic signals as a coherent light source in

the soft x-ray region, we must avoid the production

of free electrons in plasmas. However, if we want to

observe x-rays for the development of high-repetition-

rate table-top soft x-ray lasers, we should strip all the

atoms in plasmas to a necessary ionized stage by OFI

in the �eld of the high-intensity laser pulses.
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