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Abstract: 

The complete characterization of Laser plasma interaction studies related to inertial confinement 

fusion laser and Equation of state (EOS) studies needs many diagnostics to explain the several 

physical phenomena occurring simultaneously in the laser produced plasma. This involves many 

high-speed diagnostics for temporal, spatial and spectral characterization. X-ray measurements 

and studies on ion emission are important to understand physical phenomena which are 

responsible for generation of laser plasma as well as its interaction with as intense laser. In this 

report we describe the development of various x-ray diagnostics which are used in determining 

temporal, spatial and spectral properties of x-rays radiated from laser produced plasma. 

Diagnostics which have been used in experiments for investigation of laser-produced plasma as a 

source of ions are also described. Techniques using an optical streak camera and VISAR which 

are being used in the Equation of States (EOS) studies of various materials, which are important 

for material science, astrophysics as well as ICF is described in details. 
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1.0 Introduction – Interaction of focused high intensity laser light with matter (solid target) 

initially vaporizes the material from the surface that ultimately gets converted into plasma 

(ionized gas). The plasma thus creates is of extremely high temperature (0.1 – few keV) 

and density almost of solid and in a high ionization state. Surface electrons and the 

electrons produced by multi photon ionization start absorbing the laser light and form 

plasma initially. Subsequently laser light is absorbed through several physical 

mechanisms and heats up this plasma and ablates the target further to produce more 

plasma from the target. As this plasma expands into a plume, density of the plasma varies 

from near solid density (1022 e/cc) to as low as 1016e/cc. The temperature of the plasma is 

of the order of 106 0K. The temperature and the density gradient length are not more than 

a hundred microns. The plasma hence emits intense radiation (visible to hard x-ray 

region), neutral particles, electrons as well as ions [1-3]. Due to the expansion of the 

laser-produced plasma into the vacuum, ions pass a critical recombination zone beyond 

which the recombination is negligible. Absorbed light is transferred energy to expansion 

of the plasma (i.e., Ion energy). 

It has been observed that X-rays are emitted from all regions of the plasma where, 

absorption, interaction and transportation of energy take place. Almost 70% of the 

absorbed laser light is absorbed in the vicinity of the critical density region and is re-

emitted in the form of radiation in the spectral range of 50 e to 1 KeV or more depending 

on the plasma temperature. The X-ray emission consists of Bremsstrahlung continuum 

(free-free transition), recombination continuum (free – bound transition) and line 

emission (bound – bound transition) [4-6]. Generally the plasma lasts for a few tens of 

picoseconds to few tens of nanoseconds depending on the laser pulse duration. An intense 

point source of X-rays with short duration has many applications in various fields of 

research ICF [7, 8].  Laser produced plasmas hold great promise as bright sources of EUV 

radiation such as projection lithography [9, 10], microscopy [11] and stereoscopic x-ray 

imaging [12] etc. Study of self emitted x-rays from the laser irradiated target used as a 

backlighting source of dense hot plasma plays an important role in the experiments with 

the planar target as well as in explosion experiments to investigate hydrodynamics of 

spherical targets [13, 14]. 

 Detailed studies of laser target interaction experiments require a variety of diagnostics 

and techniques capable of measurements over a broad range of physical parameters with 

high spatial, spectral and temporal resolution. Characterization studies of the plasma 



6 

 

include spatial, temporal and energy resolved x-rays measurements, absolute x-ray 

measurement and time of flight measurements to obtain ion spectra (energy and charge 

state resolved). We cannot measure all these parameter with single instrument. Hence a 

necessity arises of using several of these diagnostics simultaneously in an experiment. In 

this report we present the details of development of high-speed plasma diagnostics, which 

are very important for, laser produced plasma as well as Inertial Confinement Fusion 

experiments. Along with this the results of some of our recent studies on the laser produce 

plasma from various novel targets will also be discussed. Diagnostics described here are- 

X-ray pin diode, seven channel X-ray vacuum photodiode, X-ray pinhole camera, X-ray 

transmission grating spectrometer, X-ray crystal spectrometer, Langmuir probe, Faraday 

Cup (IC), electrostatic spherical ion energy analyzer, optical streak camera for shock 

velocity measurement and VISAR (velocity interferometer for any reflector) for particle 

velocity measurement in laser shocked target. 
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2.0 X-ray diagnostics: 

 

2.1 X-ray semiconductor detectors: 

Laboratory measurement of fast x-ray signals from plasma is often limited by the detector 

speed of response. The basic types of fast detectors that are used for diagnostics of x-ray 

emission from laser plasmas and are useful in nanosecond to sub nanosecond range are 

vacuum photodiodes, streak cameras and semiconductor diodes. Semiconductor detectors 

have turned out to be attractive for prompt measurement of x-ray doses and are often used for 

monitoring plasmas [15-21]. Different silicon photodiodes and configurations of detection 

heads based on them have been evaluated in respect of their capability to measure intense x-

ray pulses emitted from the laser produced plasma obtained with kJ laser system [22]. The 

semiconductor detectors have certain advantages such as compact size and low voltage power 

supply requirement. We have used two types of semiconductor diodes namely 100 PIN 250 

Quantrad, USA and AXUV 100 (UDT sensor make).  

 

2.1.1 Fast three channel x-ray semiconductor detector: 

A fast three channel x-ray detection head consists of Si-photodiodes presented below. Multi 

channel detection systems give the possibility of the measurement of x-ray emission in 

different wavelength ranges. In order to have a broadband range of operation, detectors are 

used with x-ray filters transmitting different spectral range from the soft to the hard part of 

the spectrum. The diagnostics head is compact and is powered by a -300V electrical supply. 

The x-ray detector is designed for mounting on to a flange of the experimental chamber. It is 

designed to be vacuumed sealed and equipped with N-type connectors as shown in figure 1a. 

X-ray detectors used were double diffused silicon P-I-N diodes supplied by Quantrad 

corporation, U.S.A. Specifications of the detectors are: an active area of 100 mm2
, and a 

depletion depth of 250µm. Three detectors are mounted on a single vacuum flange. The k-

edge filter foil is mounted on the filter holder, which is held in position in front of the P-I-N 

diode by the foil holder supporter. The detector-filter assembly is then fitted on the N-type 

connector, the latter being sealed to the vacuum flange by using   ‘O’ ring and high strength 

epoxy (Araldite). The k-edge filters used are of different materials and of different thickness, 

so that we can record x-ray spectra in a varying energy range.  

 The diodes (100PIN250) are used in reverse biased mode for x-ray detection. A 

biasing circuit for the three-channel detector is shown in figure 1b. Absorption of x-rays in 
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the intrinsic region of the semiconductor diode creates electron-hole pair, which travel in 

opposite directions and result in a signal output proportional to the absorbed photon energy. 

For production of one electron-hole pair in silicon, energy of 3.6 eV is needed. A linear 

response of diode is therefore expected for a photon absorbed in the intrinsic region. In the 

linear region this diode can produce a current of up to 2 amperes. Hence, the output voltage 

signal into a 50Ω load is linear to a level of 100V.The quantum efficiency as a function of x-

ray photon energy is shown in the figure 1c. The oscilloscope record of the x-ray diodes 

covered with titanium (transmission range 3.2 – 4.96 keV) and nickel (4.2 - 8.32 keV) filter 

for gold plasma is shown in figure 1d. 
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Figure 1d. Oscilloscope record of diodes covered with titanium and nickel filter 

Figure 1c. Quantum efficiency of 100PIN 250 diodes. 
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2.1.2 Inversion Layer Silicon Photodiodes (XUV-100) for integration mode operation- 

This is a unique class of silicon photodiodes designed for additional sensitivity in the x-ray 

region of the electromagnetic spectrum without use of any scintillator crystals or screens. It 

has a wide range of sensitivity from 200 nm to 0.07 nm (6 eV to 17,600 eV), one electron-

hole pair is created per 3.63 eV of incident energy which corresponds to an extremely high 

stable quantum efficiency predicted by Eph/3.63eV. We have designed single unit as well as 

four channel array of detector to cover large range of x-ray spectrum. The single 

semiconductor diode was mounted on KF-50 Flange and four were mounted on common S. 

S. housing mounted on S. S. flange of diameter 135mm connected through the BNC 

feedthroughs for the output detection as shown in figure 2a. The detector which is of 

inversion type has an effective area of the detector is 100 mm2 and is used unbiased. A 

preamplifier follows the detector for better signal. A buffer is introduced at the output of the 

detector circuitry to avoid any impedance mismatch.  A reverse bias can be applied to reduce 

the capacitance and increase speed of response and also increase signal to noise ration. In the 

unbiased mode, these detectors can be used for applications requiring low noise and low drift. 

The quantum efficiency for this diode is given in figure 2b. The detectors can be coupled to a 

charge sensitive preamplifier or low-noise op-amp as shown in the circuit. In this circuit 

example, the pre-amplifier is a FET input op-amp (OPA 27) or a commercial charge sensitive 

preamplifier as shown in figure 2c. They can be followed by one or more amplification 

stages, if necessary. The output efficiency is directly proportional to the incident radiation 

power.  

 
 OUTPUT  VOUT = Q / CF,  

 
    where Q is the charge created by one photon 
 

In order to achieve EMI resistance and for low noise applications, all components are 

enclosed in a metal box. Also, the bias should be provided by a battery or a DC power 

supply with low ripple. 

 This detector is used in an integration mode and its sensitivity can be changed by 

varying the capacitors in circuitry. Also, to avoid saturation of diodes aperture of 

appropriate diameters are introduced in front of the diode heads. This solves the problem of 

saturation for high energy operation. A typical detector (covered with B10 filter) signal 

recorded with single channel and four channel diode array covered with 6 μm 
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polycarbonate filter (transmission > 1 keV), 20 μm Al filter (transmission > 6 keV) and 5 

μm Ni filter (transmission 4.2 – 8.32 keV) for the gold plasma are shown in figure 2d.   

  
 

  
 

 

 

 

 

 
 

 
Figure 2b. Typical quantum efficiency of the AXUV 100 Diodes

Figure 2a. Photograph of the XUV 100 based single channel and four channel

semiconductor detector. 
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Figure 2d. Typical x-ray signal of gold plasma recorded by single and four

channel XUV 100 detector. 

Figure 2c. Photograph of the XUV 100 based semiconductor

detector 
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2.1.3 Measurement carried out with detector: Effect of focal position variation on soft 

and hard x-rays from copper plasma: 

For the measurement of soft and hard x-ray from copper plasma two XUV 100 detector 

covered with B 10 filter (Transmission range >0.7 keV) placed at 40 cm and at an angle 450 

from target normal and 2 μm Al Filter (transmission range 0.7-1.56 keV and > 2.1 keV) 

placed at 36.2 cm at an angle of 450 from target normal and a p-I-n diode (100PIN 250 

Quantrade make) cover with 12 μm Ti filter (transmission range 3.2 – 4.96 keV) placed at 60 

cm and at an angle of 450 from target normal. The laser beam was focus to the copper target 

normally. Changing the lens position through and fro changed the focal position.  

The experimental observation is shown in Figure 3. From the figure it is observed that soft x-

rays show a decrease towards best focus. This is because of the total volume of the plasma is 

less and resulting a minima near best focus. However, the hard x-rays show a peak emission 

close to the best focus. This is because close to the focus intensity is high which create 

suprathermal electrons. Suprathermal electrons form only a minor portion of soft x-rays, but 

they do produce enough hard x-rays. 

 At higher laser intensities, some part of the laser energy absorbed in the plasma can be 

transferred to a small number ( 1%) of fast electrons accelerated by Langmuir electrostatic 

wave due to resonance absorption or parametric instabilities.  Suprathermal electrons form 

only a minor portion of soft x-rays, but they do produce enough hard x-rays and the fast ion 

components. The hard x-ray spectrum provides information on the fast electrons produced in 

the plasma radiating in the high-density regions. Hot electron temperature is strongly reduced 

(as well as hard x-ray amplitude and number of fast ions), when using low laser intensities. 

 The two humps (two maxima) in x-ray dependence on the focus position FP reflect 

the essential part of (soft) x-ray radiation with the lower photon energy (<3 keV). The single 

peak only usually represents the (harder) x-ray radiation with the much higher photon energy 

(>3 keV). It is quite clear that the position of Harder x-ray maximum will be close to FP = 0, 

where also the TH should be at maximum. 
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Figure 3. Effect of focal position on soft (with B10 and 2 μm Al

filter) and hard x-ray (with Ti filter) 
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2.2 X-ray Vacuum biplanar Photodiodes: 

Photodiodes with x-ray sensitive photocathode are commonly used as broadband x-ray 

detectors in fusion plasma diagnostics [23] as well as tokomak [24, 25]. Silicon p-i-n diode 

[26] and surface barrier diodes [27] are routine diagnostic tools for the detection of x-ray 

emission from laser produced plasmas and Tokomak plasmas. In laser-produced plasma 

where the hydrodynamics and radiative processes are rapidly time varying, detailed studies of 

the x-ray emission will require temporally resolved measurements. X-ray streak camera, X-

ray framing camera, Silicon photodiodes have been used as a detection system to study the 

time dependent x-ray emission. X-ray streak camera, Framing camera have various other 

advantages but involve very complicated electronics along with high price and difficulty in 

procurement. Silicon photodiodes have nonlinear response with x-ray energy and get 

saturated at comparatively low x-ray flux and also the time response of the semiconductor 

diodes are generally of the order of few nanoseconds. A vacuum photodiode is free from all 

these problems and has easy fabrication techniques. Many designs of vacuum photodiodes 

[23, 24, 25, and 28] have been reported in literature with time response varying from 60 ps to 

450 ps. we have designed of a simple seven channel x-ray vacuum photodiodes assembly 

with a calculated rise time of 150 ps. Coupled with a fast oscilloscope and different x-ray 

filters, it can be used for x-ray detection in various spectral ranges. Thus, an array of such 

vacuum x-ray diode can be used as a spectrometer by using x-ray filter of deferent x-ray 

transmission spectral region.  

 

2.2.1 Construction- A seven channel x-ray vacuum biplannar photodiode array mounted on a 

165mm S.S flange has been developed as shown in figure 4a and schematic of a single unit is 

shown in figure 4b. The cathodes are constructed of many materials for testing purpose 

namely Aluminium, Copper, stainless steel, gold coated on copper. The cathode material is 

selected to optimize detector sensitivity in the energy range of interest. It was observed that 

the efficiency of gold-coated copper cathode was better than all others. It has been reported 

that the gold has good quantum efficiency over a broad range of photon energies [29]. The 

photocathode is a 10 mm diameter gold coated copper disc soldered to a pin to make a 50 Ω 

impedance geometry. A common metal housing is used for all the seven photodiodes. The 

high voltage is applied to the cathode and anode is at ground potential and the signal is taken 

from photocathode through an isolation capacitor, which protects the DC voltage appearing 

on the input of the oscilloscope. Standard MHV feedthroughs were welded in a flange for 
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vacuum compatibility. These feedthroughs connected to the coaxial signal cable through a 50 

Ω impedance matching cashing to suppress reflection. The cathodes are biased negatively 

from 500V to 1KV with respect to anode. The anode is a stainless steel mesh made out of 

wires of diameter of 0.1 mm and overall transmission was measured to be about 60%. It is 

welded on a copper base. The anodes can also be biased positively with respect to cathode in 

order to avoid any coupling capacitors from the signal line that might limit the system 

bandwidth. The anode also forms a capacitor with XRD housing to store charge and 

responsible for the response time of the detector. The system was fixed inside the chamber 

through a port such that x-rays are directly incident on the photocathode. Figure 4c shows 

four channel oscilloscope records covered with 6-µm polycarbonate, B-10, 2 µm Aluminium, 

and 12 µm Titanium filter. 

 X-ray spectrum can be measured in different spectral ranges in a single shot by using 

various x-ray filters and their combinations. This system can be used for the very large range 

of x-ray spectrum however with a relatively poor resolution as compared to the grating 

spectrometer and crystal spectrometer.  

 The detector energy dependent response is determined by the photocathode 

photoelectric quantum efficiency (thick line in figure 4d) multiplied by the transmission of 

the filter window (figure 4d) and anode. To make a quantitative measurement with the 

detector system it is necessary to know the quantum efficiency of the cathode and 

transmission of the filter window over the energy range of interest, which is 20 eV – 10 KeV. 

Our cathode is gold and the quantum efficiency of gold material has been measured using 

LASC x-ray facilities as shown in figure 4d in the range of 20eV to 10 KeV [30].   

 Henke proposed a model of photo yield where the electron yield per photon Q(E) for 

incident photon of energy E is 

  ( ) ( ) ( ). . ( / ),QE E E E f E electrons photonμ=  

 Where ( ).E Eμ is the photon energy deposited per unit distance near the surface of 

the cathode and ( )f E  is a slowly varying function of energy and is related to the efficiency 

of converting photo and Auger electron energy into secondary electrons. For gold ( )f E  does 

not vary by more than 20 – 30% from 20 eV to 10 keV shown in figure 4d. 

 For a given photon energy, the electron current is the product of the intensity of the 

photons at the cathode surface times the cathode quantum efficiency QE(E), where QE is the 

number of ejected electrons per incident photon. If a foil is placed over the window, the 
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detector yield Y(E), in electrons from the cathode per photon incident onto the window is 

given by,  

   ( ) ( ) ( ) ,Y E QE E T E=       … (1) 

where T (E) is the transmission of foil as a function of photon energy. In general, both QE (E) 

and T (E) are strong functions of energy as shown in figure 3d. The total XRD current 

through the cathode, IXRD, is related to Г(E), the number of photons per second incident onto 

the window, by 

  ( ) ( )XRDI E Y E dE= Γ∫       … (2) 

The diode current can be measured on the oscilloscope and hence the number of photons per 

second incident on the detector cathode can be calculated. 

 

2.2.2Time response of the detector- The detector rise time and fall time in second can be 

calculated by the electron flight time across the anode – cathode gap spacing [23]. When light 

impinging on the photocathode release photoelectron with negligible delay and energy 

depending on the wavelength of the photons. Suppose a cathode –anode separation is d and 

applied voltage is V.  

We will use following condition for the response time calculation of the detector. The 

electron accelerate in the electric field E = V/d, present between anode and cathode 

 At time t = 0,  the velocity of electron v = 0 

At time t = tr,  the velocity of electron  v = vr 

From equation of motion 

 dvm eE
dt

=             …(3) 

which gives 

   .
e

eVv tm
⎛ ⎞= ⎜ ⎟
⎝ ⎠

    0 < t < tr              ...(4) 

As the field is homogeneous, the electron velocity rises linearly with flight time t. The 

moving charge induces current in the external circuit which is proportional to the velocity 

I ev=                  ...(5) 

From the above condition and equation number 1, the rise time can be calculated as  

( )
1 12 22 .r

mt d Ve
−=                            .... (6) 

The maximum value of the current can be given at t = tr 
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( ) ( ) ( )
112 22. . . . 2 .r e eI t e V m d d m e V

−
=  

( ) ( )
1 13 2 22 .r eI t e m V=              ... (7) 

From equation (6) and (7) it is clear that the rise –time is proportional to the inverse square 

root of the applied voltage, while signal height (current) is directly proportional to the square 

root of the applied voltage. 

The detectors fall time td (sec) is the decay time of the anode-cathode gap capacitance into the 

transmission line characteristic impedance R; 

The anode-cathode gap capacitance is given as 
12

0 8.05 10A AC d dε −= = Χ ,             ... (8) 

Where A is area of the cathode, d is gap between anode –cathode. 

And hence decay time 
128.05 10d

RAt RC d
−= = Χ                           ... (9) 

In our case we have taken following parameter for the X-ray biplannar photodiode. 

  = 3.14 (0.5 x 10-2) = 0.785 x 10-4, d = 1 mm = 10-3 m, V = 1 KV, Which gives tr 

approximately 110 ps and the decay time td approx 34 psec. In the figure 4c, the pulse rise 

time is sub-nanosecond (measurement is limited by the bandwidth of the oscilloscope) and 

fall time is observed to be longer. This is because of two reasons- Firstly, an additional 

capacitance C1 used as an isolation capacitor at the output. Secondly, since we are observing 

mostly soft x-rays, the plasma formed by a sub-nanosecond laser pulse has a much longer 

decay time due to recombination taking place for long time after the laser pulse peak.  

 

2.2.3 Testing of the detector - These vacuum photodiodes were tested using an x-ray source 

obtained from the laser produced plasma. A 2J/500picosecond laser was focused on a mixed 

target (Gold + Copper) kept in vacuum chamber evacuated at 10-5 mbar and the detectors 

were placed at 450 to the target normal at a distance of 26cm. For the calibration of the diode 

to work as k-edge spectrometer all the diodes were covered with B-10 filter and output signal 

were measured with laser energy variation. It was observed that all the diodes were producing 

identical results within ±5% of variation except one as shown in Figure 5. It was 1.4 times 

more than other. This may be due to the separation between anode and cathode. A correction 

factor has to be applied to normalize the response of all the diodes in the array. The x-ray 
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filters used are B10, 6-µm polycarbonate, 2 µm Aluminium, 5 µm Aluminum, 12 µm 

Aluminum, 12 µm Titanium and 5 µm nickel foils.  

 Scaling of X-ray intensity with laser intensity covered with B-10 foil is shown in 

Figure 6 in case of solid copper .This X-ray filter foil transmits the spectrum above 700eV 

and therefore we observe the softer part of the X-ray spectrum. The scaling exponent in this 

case  is 1.4 which was also observed with semiconductor x-ray detector. Furhter, comparative 

observations of x-rays with semiconductor diodes were done. The scaling of copper plasma 

with both detectors was carried out and results were in fairly matching [31]. 
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Figure 4a. Photograph of seven channel x-ray vacuum biplannar 

photodiodes covered with various filters. 

Figure 4b. Schematic of single x-ray vacuum biplannar

photodiodes with electronics circuitry. 



20 

 

 
 

 

 

 
 

 

 

 

 

 

 

Figure 4d. X-ray transmission curve for x-rays filters and the quantum

efficiency of Gold cathode in 0 – 10 keV range 

Figure 4c. Oscilloscope record of 4 channels of seven channel x-ray

vacuum biplannar photodiodes covered with various filters. 
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2.2.4 Measurement of XUV to soft X-ray spectrum by an array of fast x-ray vacuum 

photodiodes: 

The seven channel x-ray vacuum photodiode array with rise time of 150 ps have been 

developed and being used in laser plasma experiments as k-edge spectrometer to cover broad 

range of x-ray spectrum. The measurement of x-rays in the 0.7 keV to 8.32 keV spectral 

ranges have been done using various filters with different x-ray transmission spectrum. For 

example, B-10 (>0.7 keV), 6 µm polycarbonate (>1keV), 2µm Al (0.8 – 1.56keV and >2.1 

keV), 5 µm Al (0.8-1.56keV and >2.7 keV), 12 µm Al (>0.8-1.56keV and > 3.8 keV), 12 µm 

Ti (3.2 – 4.96 keV) and 5 µm Ni (4.5- 8.32 keV) which covers the desired spectral range. 

Further the linearity of the detector has been done with the x-ray semiconductor diodes 

covered with the same filter. 

Calibration of these vacuum photodiodes has also been done using a Thermo Luminescent 

dosimeter (TLD) (Chaurasia, et al., BARC report BARC/2008/E/006, Chaurasia, et al., 

Nuclear Instruments and Methods in physics research section A. doi: 10.1016/j.nima. 

2008.07.037) Thermo Luminescent dosimeters (CaSO4: Dy) are frequently used to measure 

integrated radiation yield from any source. X-ray measurements with the biplanar diodes was 

done in different spectral regions with x-ray cut-off filters as described above. Identical filters 

were also used in an array of dosimeters placed inside the experimental chamber at 80mm 

from the target. The x-ray yield in different spectral regions from a gold plasma have been 

co-related in both the cases. It has been observed that the ratios of the x-ray signal in different 

spectral ranges are in fairly good agreement in both measurements. A comparative 

observation of x-rays with TLD’s and XVPD detector is listed in Table 1. From Table 1, it is 

clearly observed that the ratios of the results covered by various filters measured from TLD’s 

(B10/Poly = 2.985, B10/2 Al = 2.184, B10/ 5 Al = 13.408, B10/12 Al = 31.735) and XVPD 

(B10/Poly = 3.05, B10/2 Al = 2.618, B10/ 5 Al = 10.31, B10/12 Al =28.87) are fairly 

matching. Also, x-ray emission in lower x-ray photon energy range is more than in the higher 

photon energy range and decreases very sharply. 
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Table 1. Comparative observation of x-rays with TLD’s and XVPD detector.    
Filter X-ray from plasma measured 

by TLDs   (Counts) 

X-ray from plasma measured 

by XVPD     (mV) 

Transmission band 

B-10 28721 

 

10106 

 

> 0.7 keV 

6 µm 

Polycarbonate 

9620 3305 > 1 keV 

2 µm Aluminum 13150 3859 0.7 – 1.56 keV 

And > 1.9 keV 

5µm Aluminum 2142 980 0.85 – 1.56 keV 

And > 2.4 keV 

12 µm 

Aluminum 

905 350 1.3 – 1.56 keV 

And > 3.8 keV 

 

2.3 X-ray Pinhole Camera: 

A very important diagnostic requirement in laser fusion is to obtain a two dimensional spatial 

resolution of the x rays emitted by target. X-ray pinhole camera [32, 33] is used to image the 

x-ray emitting plume of the laser-produced plasma onto an image plane. Functioning of 

camera follows the principle of geometrical optics. The pinhole camera uses a small hole in 

an otherwise opaque substrate to provide two-dimensional imaging. X-ray pinhole camera is 

also one of the important diagnostics [34-36] used to study the symmetry of implosion in 

direct and indirect drive inertial confinement fusion experiments. It provides time integrated 

spatial information about the x-ray emission from the planar or microballon targets. By using 

filters of different materials, maps of different temperature regions can be obtained with the 

help of pinhole camera. These images are also useful in studying the effect external 

parameters such as magnetic fields on plasma expansion, velocity profiles, jet formations, 

enhancement of x-ray emission and plasma flow control etc [37-40]. 

 

2.3.1 Theory of the Pinhole Camera  

The imaging device of the pinhole camera is a hole punched through an opaque material. The 

image of a distant point is simply the shadow of the hole - or rather the shadow of the 

material around the hole. That is, the image is a bright spot on a dark background. For an 

extended object it is a collection of points so its image is therefore a collection of spots. The 

image of an extended object at a distance very large compared to the pinhole size is formed at 

all places which are at distance again much larger than the pinhole size. The magnification in 
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image size being simply ratio of image to object distance. The smaller the spots, the finer the 

detail that can be discerned in the object or better spatial resolution. Therefore, in many ways, 

the best pinhole is the one that produces the smallest image of a point. If we make the pinhole 

very small in an effort to improve resolution, the pattern of light in the film plane is an Airy 

disk: the Fraunhofer, or farfield, diffraction pattern of the pinhole, Figure 7b. In this case 

blurring increases due to diffraction effects when the hole is large, the image of the distant 

point is large and displays a diameter equal to that of the pinhole [Figure 7a] [41, 42], which 

will cause the Geometric blur. Evidently, the pinhole that gives the smallest spot lies in the 

region between the geometrical optics region depicted in figure 7a and the region of far field 

diffraction depicted in figure 7b. However, the optimum size can be determined by a simple 

formula, which now will be derived. Geometric blur of a pinhole lens was shown in figure 7a. 

Light rays emanating from a point on the object are limited by the small aperture to a very 

narrow cone, which gives rise to a uniform blur circle on the film. This blur is made smaller 

by making the aperture smaller, which is the reason why it becomes a pinhole. The exact 

diameter of this geometric blur (bG) depends upon aperture diameter (d), image distance (f), 

and object distance (s), and is given by the equation:  

 ( ). 1 ,G
s fb d d M

s
+⎛ ⎞= = +⎜ ⎟

⎝ ⎠
      … (1) 

where M is the magnification, equal to (f/s) 

When the pinhole is very small, the image radius r is the radius of the Airy disk, or1.22 f/d, 

where d is the diameter of the pinhole and is the wavelength of the light and is caused of 

diffraction blurring. Diffraction blur in a pinhole camera is caused by a slight bending of light 

as it passes through the aperture, which spreads a perfect point image into a Fraunhofer 

diffraction ring pattern. In a pinhole camera, diffraction is noticeable because diffraction 

bending increases as the aperture becomes smaller. In addition, this bending is an angular 

effect, so blur also increases as the camera “focal length” or lens-to-image distance increases. 

The diameter of the diffraction blur (bD) depends upon the wavelength of light (λ), the 

aperture size (d), and the image distance (f), and is given by the equation: 

 

 12.44. . .Db f
d

λ ⎛ ⎞= ⎜ ⎟
⎝ ⎠

       … (2) 
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The total blur is given by the sum of these two components, bG+bD. Through calculus, the 

minimum of this sum is derived, as follows: 

 

 ( )
211 2.44. . . . ,M f f

d
λ ⎛ ⎞+ = ⎜ ⎟

⎝ ⎠
      … (3)  

   

So,  

   
( )
2.44. .

1
fd

M
λ

=
+

     … (4) 

This equation defines the optimum pinhole aperture diameter for close-up work, as well as 

for more distant work. In using this equation, all distance measures (λ, f, d) must be in the 

same units (millimeters or inches, say). This is represented in figure 8 where straight line 

shows the geometrical blurring and the hyperbola shows the diffraction blurring. Neither the 

hyperbola nor the line accurately represents reality in this region, yet this is the region we are 
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Figure 7. Pinhole camera imaging a distant point.  (a) Large pinhole, geometrical optics. 

(b) Small pinhole, farfield diffraction. 

 

 
Fig. 8. Image radius as a function of pinhole radius. 
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mostly interested in because the pinhole camera gives the sharpest images there. This is the 

region between nearfield and farfield diffraction; here, the image is not amenable to 

description by simple arguments. Note that the (1+M) term “disappears” at larger distances, 

so this equation simplifies to what is more often cited in the literature. Thus the spatial 

resolution of pinhole camera is given by 

  11b d
M

⎡ ⎤Δ = +⎢ ⎥⎣ ⎦
      … (5) 

This in fact is nearly equal to the pinhole size. 

 

2.3.2 Design of Pinhole camera: 

A pinhole camera developed is shown in figure 9. This is being used to find the spatial 

information about the x-ray emitting plasma plume. Pinhole camera consists of two stainless 

steel tubes, one sliding inside other. The pinhole of diameter 25 μm is placed at front end of 

the inner tube where as one end of the outer tube is connected to the detection system. 

Changing the distance between x-ray source and the pinhole, which can be achieved by 

sliding inner tube in the outer tube, can vary pinhole camera magnification. The pinhole 

camera magnification in our case can be changed from x3 to x10. Substrate material typically 

used for x-ray pinhole camera is Au or Pb with thicknesses of 5-10 μm. These materials are 

used because of their high opacity to the x-ray energy of interest. The detection system 

designed such that it will accommodate a phosphor screen [43] or a MCP [44] or x-ray CCD 

camera all of which used in our laboratory. Spatial resolution of this system was estimated to 

be 25 μm for the case of MCP and x-ray CCD camera based detector but was found to be 50 

μm for the case of phosphor screen and image intensifier tube combination based system as it 

was limited by the image intensifier system. The phosphor screen based system however, has 

an advantage over others as it can be used at a low level of vacuum (10-2 to 10-3 torr) where 

as, MCP and x-ray CCD camera need higher vacuum (10-5 torr). The background noise on the 

phosphor screen of image intensifier tube is reduced by applying a gate pulse at the input 

terminal of MCP present in the tube. The gain of the MCP can be changed by varying the 

field between its two terminals by applying a negative pulse of amplitude variable from 100V 

to 1kV and few µs time duration at the MCP input terminal of the intensifier. The pinhole 

camera had a combination of phosphor screen (P 11 phosphor coated on fiber optic plate) 

followed by an image intensifier and its driving electronics. Pinhole pictures were processed 
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using PROMISE software [45]. The camera has been used successfully to record the variation 

in dimensions of x-ray emitting plume of laser-produced plasma with respect to focal position 

variation at fixed laser energy.  

 

2.3.3 Studies on the dimension of the x-ray emission from laser produced plasma with 

laser focal geometry using Pinhole camera 

X-ray emission from gold plasma produced by a sub-nanosecond Nd: glass laser have been 

studied as a function of distance of the target from the best focus position. In our experiments 

we have used online pinhole camera for monitoring the x-rays from laser-produced gold 

plasma. This experiment was done to demonstrate the effect of focal position on the x-ray 

emission. The experiments were performed with a home built Nd: Glass laser system (λ=1.06 

µm), which is capable of producing a laser pulse of 12 J in 500psec duration. In the present 

experiment, the laser system was operated in a single shot mode with laser energy 3.5 J per 

pulse and pulse duration was fixed at 500 ps. Shot to shot energy fluctuation measured was ± 

5%. The high power laser focused on the target placed in a chamber evacuated to 4x10-5 

mbar. The laser beam was focused by an f/5 lens on target to focal spot diameter of 120 μm. 

The laser intensity was of the order of 1012 to 9 x 1013 W/cm2. The laser beam was incident 

normal to the target placed on a multiple axis translational stage. Target was moved after 

each laser shot to expose a fresh portion.  

The effect of focal position on soft and hard x-ray flux is clearly reflected in the series 

of x-ray pinhole camera pictures recorded for different target positions shown in figure 10. 

Here the x- ray plume pictures have been recorded with the pinhole camera covered with a 

B10 filter foil. The B-10 foil had a Polycarbonate base film of thickness 2 µm and had a 

density of 0.24 mg/cm2. 80% of this density was due to the thickness of the base film and 

20% due to the 0.6 µm thick Aluminum coating. From the manufacturer’s data, the 

equivalent thickness of one B-10 foil was calculated as 0.05 mg/cm2, 0.15mg/cm2 and 

0.0376 mg/cm2 of aluminum, carbon and oxygen respectively. The x ray pictures shows the 

volume of the plasma plume region emitting soft and hard x-ray, since B10 foil transmits all 

x-rays with photon energy >0.9 keV.   It is observed that initially from -8 8 mm to -7 mm 

there is an increase in soft x-ray flux (indicated by the brightness of the spot) due to an 

increase of laser intensity. However, from -5 mm to -4 mm there is a sharp drop in x-ray 

flux, in spite of an increase in laser intensity. The volume of the x-ray emitting region has 

clearly decreased, leading to a fall in x-ray flux. At the position -3 mm, there is a sudden and 
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sharp increase in the brightness of the plasma plume which continues up to -2 mm position 

after which there is a drop further on. This sudden increase in x-ray burst at -3 mm can be 

attributed to the onset of threshold for non-linear plasma absorption mechanisms resulting in 

a burst of hard x-rays. These observations were verified with the x-ray semiconductor diodes 

covered with filters transmitting soft and hard x-rays. This behavior of x-ray emission with 

focal spot variation could be helpful while optimizing a x-ray source for a certain 

application.  Thus, given the laser energy, we can adjust the focal position to enhance x-ray 

emission from the target in any desired x-ray spectral range. This observation is important 

for optimization of a laser plasma x-ray source emitting in a desired spectral range and at a 

given laser energy. It could have further implications in irradiation of hohlraum cavities. In 

such a scenario, it would be essential to optimize the softer part of the spectrum by 

judiciously optimizing the laser focusing.  
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Figure 9. Schematic of on line Pinhole camera

Figure 10.  Pinhole camera record of x-rays emission at various focusing positions. 
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2.4 X-ray Crystal spectrometer: 

The study of soft x-ray emission spectrum in laser-plasma interaction has been a subject [46-

48] of considerable importance for a variety of research investigations in laser driven inertial 

confinement fusion [49], XUV-soft x-ray lasing [50, 51], coherent high order harmonic 

generation [52] etc, and potential applications of laser produced plasmas as an x ray source 

[53] for microlithography [53], contact microscopy of biological cells [55], backlighting of 

imploding pellets [56] etc. Quantitative analysis of the x-ray spectrum in the ~1 to 3 keV (4 – 

12 Å) range is often used to derive diagnostic information [49] on electron temperature, 

density, ionization states, and expansion velocity of the plasma, as well as its spectral 

characterization for various applications. Different types of XUV-soft x-ray spectrographs 

have been reported [57-62] in literature for on-line measurements of laser-produced plasmas 

such as k-edge spectrometer using array of semiconductor diodes covered with various x-ray 

spectral transmission range, x-ray transmission grating spectrometer and crystal spectrometer. 

K-edge spectrometer covered large spectral range with low resolution. Transmission grating 

spectrometer covered typically ~5 Å to 200 Å spectral ranges with lower resolving power (λ / 

Δλ) for short wavelengths. And the crystal spectrometer covers small spectral range with very 

high resolving power.  Crystal spectrometers are most widely used for x-ray spectroscopic 

studies in ~1 to 3 keV (4 – 12 Å) energy range which covers radiations from K-shell of 

moderate Z-targets (like magnesium, aluminum, silicon), L shell of medium-Z targets (like 

copper, nickel etc.), and M-shell for high-Z elements e.g. gold. There are many recording 

arrangement in the crystal spectrometer. Every type is having its own merit and demerits. 

Open-window microchannel plates (MCP) [57, 59, and 63] in conjunction with an optical 

CCD camera as well as x-ray CCD camera have been used as an on-line soft x-ray detection 

system. However, since MCPs and x-ray CCD camera require a good vacuum (≤10-5 torr) for 

their operation, they may not be suitable for studies involving low vacuum environment e.g. 

in the case of plasma interaction with a background gas [64], laser interaction with gas puffs 

[57, 58] etc. In such a case, x-ray film based spectrograph, backside illuminated thinned CCD 

cameras [62, 65], CCD cameras with front side glass removed [58], and phosphor coated 

fiber-optic plates [63, 66] may serve well under low vacuum conditions also. Conventional 

spectrographs using x-ray film do not permit online operation due to wet processing of the 

film involved, and often require large number of shots to record the spectrum. Moreover, 

errors in quantitative analysis may occur depending on the processing conditions and aging of 

the x-ray film. While the backside illuminated CCD cameras have response over a wide 
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spectral range, CCD cameras with front side glass removed are adequate to extend the 

detection range to cover ultraviolet and keV x-ray energies. In the following section we will 

discuss design and development of TAP (Thallium Acid Phthalate) crystal based crystal 

spectrometer, which has the option of all the recording systems. However, for online 

monitoring, we have used MCP based, phosphor screen followed by image intensifier tube 

and optical CCD camera and in near future we will use x-ray CCD camera. Also, the same 

design will used with RAP (Rubidium acid biphtalate), PET (Pentaerythrytol) and LiF 

(Lithium fluoride) crystal available in our lab. 

 

2.4.1 Theory of crystal spectrometer: 
The basic principle of an x-ray crystal spectrometer is the Bragg reflection from the crystal 

planes as shown figure 11a. X-rays of wavelength λ incident on a crystal plane at an angle θ 

with the plane are reflected if they satisfy the Bragg condition  

2 sind nθ λ=     … (1) 

Here ‘d’ is the separation between parallel reflecting planes of the crystal, n is the order of 

reflection (n=1,2,3….), θ is the Bragg angle. Moreover, the condition that the angle of 

incidence equals the angle of reflection should also be satisfied. 

 When a polychromatic parallel beam of x-rays is incident on a crystal at an angle θo, 

x-rays of wavelength λo = 2d sin θo and its sub harmonics i.e. λo/2, λo/3… etc. are reflected. 

On the other hand, when a diverging polychromatic beam is incident on the crystal, 

subtending a certain range of angles, then the x-rays of different wavelengths, incident at 

appropriate angles satisfying the Bragg conditions are reflected and reaching to the detector. 

 For the latter case, the spectral range and spectral resolution depend upon the crystal 

used (2d as well as size), the distance between the source and the detector (via crystal) and 

the orientation of the detector with respect to the x-rays incident on it. We will calculate the 

spectral range i.e. λmin and λmax using Bragg’s condition as shown in figure 11a. Let θmin and 

θmax are the minimum and maximum subtended angle to the crystal. 2x0 is the detector sized, 

h is the vertical height of plasma source with respect to crystal, and L/2 is the horizontal 

distance between plasma source and centre of the crystal (L is distance between source and 

detector). The from geometry  

 1/2
max X0 X0 sin θ = ( 2h + ) / [ ( 2h + )² + L² ]     … (2) 

and     1/2
min X0 X0 sin θ = ( 2h - ) / [ ( 2h - )² + L² ]     … (3) 

combining equation (2) and (3) with Bragg equation (1) we will get, 
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 1/2
max X0 X0 λ = 2d ( 2h + ) / [ ( 2h + )² + L² ]     … (4) 

 1/2
min X0 X0λ = 2d ( 2h - ) / [ ( 2h - )² + L²]     … (5) 

From (4) and (5), it is clear that the spectral range of the spectrometer is dependent on crystal 

to source distance (h), source to detector distance (L) and the detector size (x0). For a given d 

and fixed L, the spectral range can be change by changing distance h (i.e. vertical source to 

crystal distance). Also, for a given d, spectral range (λmax –λmin) can be increased be reducing 

the source to detector distance but we cannot reduced this distance much to avoid crystal 

damage.  

 The angular dispersion of a spectrograph is defined as the wavelength interval of x-
rays reflected in a unit angular interval and is given as 

 
θ 0            0

2 2 1/2

D = dλ/dθ = 2 d cos θ (at λ )
                  = 2 d L / [ L +4h ]

     … (6) 

And the linear dispersion is define as the wavelength interval of reflected x-rays falling on 

a unit length of the detector, i.e. 

 
x  

θ 

D = dλ / dx = (dλ / dθ ) ( dθ / dx )
                   =  D ( dθ / dx )

     … (7), 

From figure 11a,  

 

2 2

tanθ = 2 h / L
tan (θ + dθ) = [2 (h + dx)] / L
tan (θ + dθ) = [tanθ + tan dθ] / [1 - (tanθ) (tan dθ)]
                   = [ (2 h / L) + dθ ] / [ 1 - (2h / L) (dθ) ]
dθ / dx = (2 L) / [ L +4h ]

 

Substituting value of dθ / dx in equation (7), we get linear dispersion as  

 2 2 2 3/2
xD  = (2d L ) / [L +4h ]       … (8) 

Thus linear dispersion is governed by the crystal 2d spacing and the geometrical parameters 

(L and h). The linear dispersion is usually expressed in terms of Å / mm. It is also sometimes 

referred to as the ‘plate factor’. 

 Spectral resolution is determined by the size of the emitting region, and by the 

rocking angle of the crystal. If we consider ideally monochromatic x-rays from a source, they 

will, after Bragg reflection from a crystal, fall on a detector and appear as a broad spectral 

line of certain wavelength interval Δλ . This interval Δλ  can be expressed as 

Δλ = (dλ / dθ) δθ + (dλ / dx) δx  

θ xΔλ = D  δθ + D  δx         … (9) 
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Where δθ  is the rocking curve for the crystal (0.45mrad for TAP) and δx is either slit width 

or source size (which is about 100 μm). Putting values of θD and xD from equation (6) and (8) 

we get, 
2 2 1/2 2 2 2 3/2Δλ = [2 d L / [L +4h ] ]δθ + [ (2 d L ) / [L +4h ] ]δx  

2
2 1/2

2 d Δλ =  [δθ + δx / L[1+(2h/L) ]
[1 + (2 h / L) ]

    … (10) 

The first term in the square bracket in the above equation is the crystal dependent term and 

the second term is governed by the characteristics of the source and the detector. Further, it 

can be seen from equation (16) that the resolution Δλ is small for large values of L and h / L.  

Thus, the resolving power 0
Δλ

λ  for a given centre wavelength can be calculated. In general 

if the crystal center is at L/2, the x-ray wavelength on detector at distance x from detector 

centre is  
1/2

X Xλ= 2d ( 2h - ) / [ ( 2h - )² + L²]       … (11), 

Thus the wavelength at the centre of detector (x=0) is 
2 1/2

0λ = 4dh  / L[1+(2h/L) ]  

and the Δλ can be calculated from equation (10).  

 

2.4.2 Design of a Planar Crystal Spectrograph 

The spectrograph consists of a planar thallium acid phthalate TAP (Thallium acid phthalate) 

crystal as a Bragg reflector. The cleavage plane is parallel to (001) plane with 2d=25.75 Å 

and a size of 50 x10 mm2 with a thickness of 2 mm. The crystal housing assembly is made in-

house was placed in vacuum chamber at an angle of 450 and normal to the target surface and 

placed at a distance of 175 cm from the target. The source to detector distance is fixed to 350 

mm. The detector unit was mounted with a flange having a taper angle of 180 and was 

connected to vacuum chamber port flange as shown in figure 11b. The crystal is placed on 

motorized z-stage, which is having a movement of 12 mm. The vertical movement helps us to 

measure the x-ray spectrum over a broad spectral range. By changing the crystal height, the 

spectrograph is able to cover a wavelength range of 7.1–10.3 Å, with a spectral resolution of 

30 mÅ limited by the source size and with the resolving power of the spectrometer for a 

central wavelength λ=8.8 is approximately 340. For the lower value of the L, high spectral 

range can be cover but with low resolving power. 
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 The spectrum was recorded by P-11 phosphor screen followed by image intensifier 

tube and CCD camera placed normal to the x-ray Bragg reflection from the crystal. Two 

aluminized polycarbonate foils (Alexander Vacuum Research, Inc., trade name: B-10) having 

1/e cutoff of 0.9 keV were used to prevent any scattered light in the plasma chamber from 

coupling to the phosphor screen. In a single shot, the spectrometer can cover a spectral range 

of 1.7 Å. A single shot copper spectrum on the phosphor screen in the spectral range of 7.8 to 

9.6 is shown in figure 11c. The analysis of the spectrum recorded on screen was done using 

PROMISE software is shown in figure 11d. 

  The detector system is capable of accommodating x-ray film, MCP, phosphor screen and the 

x-ray CCD camera. We have also used crystal spectrograph with other crystals such as RAP, 

PET and LiF crystal available in our lab. Details of crystals are given in table 2. 

 

2.4.3 Measurement of line emission from copper plasma. 

Optimization of copper line emission in the 7 to 10 Å range has been done by using 12J/300- 

800 ps. The laser system was operated in a single shot mode with maximum energy of 3.5 J 

per pulse and pulse duration of 500 psec. High power laser focused in a chamber evacuated to 

4x10-5 mbar of the intensity of the order of 1012 to 9 x 1013 W/cm2. An indigenously 

developed x-ray crystal spectrometer based on TAP crystal placed at 450 is used for the line 

emission studies of copper plasma. A detail of crystal spectrometer is described in earlier 

paragraph. Copper line emission in the spectral range of 7.7 to 9.5Å region is shown in 

figure11d The variation of line intensity in the range mentioned above with the laser focus 

intensity has been studied. It is observed that the line emission shows a dip close to best focus 

and the highest line emission intensity is observed to be on either sides of the best focus 

position as shown in figure 11e. Our observations are modeled with analytical calculations. 

  

 

 

 

 

 

 

 

 



36 

 

 

  Table 2.  Crystals to be used in our spectrographs 

Crystal  Plane  2d (Å)  Integrated Reflectivity 
λ (Å)                 Rc (Radian)  

RAP  001  
 

26.12  3                            0.9 x 10-5 
10                          1.5 x 10-4 
15                          1.6 x 10-4 

TAP  001  25.75  1.5                         1.2 x 10-4 
8.3                         2.6 x 10-4 
14.6                       2.4 x 10-4 

PET 002  8.74  6                             2.5 x 10-4  

LiF  420  1.8  0.8                          2 x 10-4 
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Figure 11a. Geometry of Planar x-ray crystal spectrograph. 

Figure 11b. Schematic design of the crystal spectrometer. 
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Figure 11c. Copper spectrum recorded on phosphor screen. 

 

 
 

Figure 11d. Line out profile of the image copper spectrum recorded by TAPs crystal. 
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Figure 11e. Variation of copper line (λ = 8.7 Å, λ = 9.106 Å and λ = 9.237 Å) intensity

with laser focal position at constant laser energy. 



40 

 

2.5 X-ray Transmission grating spectrometer (TGS): 

The investigation of the soft x-ray emission (10Å - 150Å) of laser-produced plasmas (LPP) is 

one of the most important parameter and can be diagnose using TGS [67-70]. The spectral 

distribution of the x-rays emitted from the target contains a wealth of information about the 

temperature, expansion velocity, ionization states and density distributions and about the 

compression of laser fusion targets. The spectrographs required for these measurements 

demand good spectral resolution and, in particular, in the case of weak plasma radiation, a 

relatively large efficiency is necessary. Measurements in the soft x-ray spectral region have 

been done using several different spectrographs, each fitted to a special purpose [67, 71-73]. 

Calibrated and time resolved x-ray transmission grating spectrometers have been used in both 

laboratory based [71-75] and spaced based [76, 77] applications. Advantages of this type of 

instrument include its simplicity, its flexibility and its reliability as an absolute spectral 

radiometer. Although the instrument only supplies modest spectral resolution (λ/δλ ~10–100), 

it can provide broadband (10 Å<λ<150 Å) measurements with time resolution. The 

transmission grating spectrometer fills an intermediate position between a high spectral 

resolution (λ/δλ > 1000), time integrating grazing-incidence spectrometer (crystal 

spectrometer) and a low spectral resolution (λ/δλ < 5) time resolving set of calibrated filtered 

diodes already in use at our laboratory.  

 A sub-angstrom resolution is useful in many such studies and may be achieved in a 

simple normal incidence geometry without the use of any optics, by using a high dispersion 

grating as a diffraction element and optimizing the geometrical parameters of the 

spectrograph [78, 79]. X-ray films are very often used as detectors, but due to their 

characteristic low sensitivity combined with the small collection solid angle of the 

instrument, multiple shots are required for recording the x-ray emission spectra. However, 

single shot operation is required for many studies, for example in estimation of plasma 

parameters, etc. This is especially important when there is considerable shot-to-shot variation 

in laser energy and intensity on target. It would be, therefore, useful if one could achieve 

single shot operation using on-line detectors, which have high sensitivity. The suitability of 

real time detectors in conjunction with a TGS has been demonstrated by several authors [71–

77]. The naturally planar detection field of the spectrograph, also enables easy coupling to 

such detectors like intensified CCD cameras, back illuminated CCD cameras [78, 80], 

microchannel plates [81, 82], and to streak cameras for time-resolved studies [75, 80, 83, 84]. 
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In this section, we report the design, development and operation of a transmission grating 

spectrograph. 

 

2.5.1 Principle of Transmission grating spectrometer: 

The x-ray source is produced by laser-created plasma. The schematic of the principle of 

operation of a TGS in normal incidence geometry is shown in Figure 12a. X-rays incident on 

the grating are diffracted in the zeroth and various higher orders according to the standard 

grating equation 

   2 sind mθ λ= ;      …(1) 

where d is the grating period, θ the diffraction angle, m the order number and λ the 

wavelength.  

The transmission grating is placed at a distance L1 (L1 = 1040 mm) from the x-ray source at 

an angle of 450 from the target normal. The image is recorded on recording system (phosphor 

screen / MCP / the x-ray CCD camera) located at a distance L2 (L2 = 600 mm) from the 

grating. 

 The dispersion of x-rays by the transmission grating is governed, in far field, by 

Bragg relation 

   2 2sin /m my L L m dθ λ= =      … (2) 

where ym is the distance along the dispersion direction in the recording plane, θm the 

diffraction angle for the mth order measured relative to the incident beam of the transmission 

grating. The ideal grating resolution Δλd is given by the number N of the grating bars within 

the aperture 

   d
d

Nm ma
λ λλΔ = =      …(3) 

Where a is the aperture of the slit which is 50 μm, grating period d is 1.4 μm. The ideal 

resolution is 2.56Å for λ = 80 Å. However, in practice, the spectral blurring due to the finite 

sizes of the source and the aperture introduces a resolution limit Δλs, which may be 

significantly worse. This is due to the fact that, at each wavelength, the image actually 

produced on the detector by the x-ray source has a width Δy, which is given by 

   1 2 2

1 1

,L L Ly a s
L L
+

Δ = +      …(4) 

Where s and a are respectively the diameter of the source and the aperture. It is important to 

note that, if the aperture diameter is much less than the source size, the analysis of the image 
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along the x-axis (normal to dispersion axis y) gives, at each wavelength λ, the spatial 

distribution of the x-ray source in the direction parallel to the grating bars (note that the 

source size s usually depends significantly on the x-axis wavelength). From equation (2) and 

(4), the spatial resolution Δλs in the dispersion axis then satisfies the following relation: 

   
1 2

s
d s a a
m L L

λ
⎛ ⎞+

Δ = +⎜ ⎟
⎝ ⎠

     …(5) 

Taking the typical values of our experiments (s = 100 μm, m =1, d = 1.4 μm, L1 = 1040 mm 

and L2 = 600 mm), the best spectral resolution Δλs which can be achieved is about 3.18 Å. 

Optimization of length L1 and L2 for best resolution: 

The overall spectral resolution Δλ is given by [78] 

    

1
2 22

1 2

d s a a d
m L L ma

λλ
⎧ ⎫⎧ ⎫⎛ ⎞+⎪⎪ ⎪ ⎪⎛ ⎞Δ = + +⎨⎨ ⎬ ⎬⎜ ⎟ ⎜ ⎟

⎝ ⎠⎪ ⎪⎝ ⎠⎩ ⎭⎪ ⎪⎩ ⎭
  …(6) 

Keeping the total distance D (= L1+ L2) between the source and the detector and the aperture 

a constant, the distances L1 and L2 can be varied to obtain the best possible spectral 

resolution. 

The optimum value of L1, for a fixed D, obtained by differentiating equation (6) with respect 

to L1 (put L2 = D – L1) is  

   ( ) ( )1 1
DL opt α
α

=
+

      …(7) 

Where   

   
1

2s a
a

α +⎛ ⎞= ⎜ ⎟
⎝ ⎠

      …(8) 

It may be noted that the optimum value of L1 is independent of wavelength. 

 Next, the choice of the total distance D is determined from consideration of the 

intensity in the detector plane and the spectral resolution. For the optimum value of L1, the 

expression for the spectral resolution can be put in the form 

  ( ) ( ) ( ){ } ( ){ }
1

2 22
1 1d s a m D d maλ α α α λΔ = + + + +⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦  … (9) 

It is clear from equation (9) that the spectral resolution improves with increasing D and tends 

to level off at higher values of D to ( )d maλ λΔ ≅ , governed by diffraction. On the other 

hand, the intensity in the detector plane decreases as 21 D . These relationships are 

graphically shown in figure 13 in terms of the variation of intensity and resolving power 
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(λ/Δλ) as a function of D. The optimum value of D is taken as a trade-off between the 

intensity and the spectral resolution. The choice of slit width is governed by the 

considerations of geometrical and diffraction resolutions. Although using a large value of a 

improves the resolution due to diffraction, it degrades the resolution die to geometry, unless 

the distances are increased simultaneously. In our case we have taken a slit width of 50 μm 

for the resolution about 3.18 Å. 

 

2.5.2 Design of Transmission grating spectrometer:  The schematic of the transmission 

grating spectrometer is shown in figure 12b. It consists of the transmission grating of period d 

= 1.4 μm (714 lines / mm) placed in between two stainless steel pipes (diameter 80 mm) 

connected to the plasma chamber and the detector consisting of a combination of phosphor 

screen and image intensifier tube. The transmission grating is consists of 714 lines/mm free 

standing gold bars with a period of 1.4 μm on base. The size of the grating window is approx 

5 mm x 2 mm on a frame of 10 mm x 5 mm. A rectangular slit of 50 μm and 5 mm length 

was placed in front of the grating. This positioned such a way that it should come parallel to 

the grating bars. The detector holder is designed such a way that it is suitable to incorporate 

x-ray film holder, MCPs and x-ray CCD camera that will be used in our lab. The distance 

between the plasma source and grating is 1040 mm and between grating and detector is 600 

mm. The image intensifier tube consists of a photocathode, antidistortion electrode, 

microchannel plate (MCP) and phosphor screen that requires a high voltage low current 

supply. The background noise on the phosphor screen of image intensifier tube is reduced by 

applying the gate pulse at the input terminal of MCP present in the tube. The spectrum of 

gold plasma recorded is shown in figure 12c. 
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Fig12b. Schematic diagram of the x-ray spectrometer set-

Fig12a. Schematic representation of the x-ray spectrometer

a
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Fig 13. Variations of the resolving power and intensity with the source-to-detector

separation 

Fig 12c. Spectrum recorded for gold plasma. 
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3.0 Ion detectors: 
Ion diagnostics often is used as a complementary diagnostics, giving additional information 

to the other diagnostics system. Measurements of ion parameters like ion energy 

distributions, the total number of ions, their average and maximum charge states, the 

abundance of ion species, and energy carried by them give very precise information about the 

mechanism of the laser interaction with plasma, the absorbed energy, the electron 

temperature of plasma, and others. In the following section we will describe few ion detectors 

developed in our laboratory.   

 

3.1. Langmuir Probes: 

The Langmuir probe is a simple and effective diagnostic tool for low temperature plasmas 

that yields the electron temperature, density, plasma potential, and floating potential. Plasma 

parameters are found from the incident current of ions and electrons most often using the 

orbit-motion-limited (OML) theory in which the trajectories of incident particles are 

evaluated to find the fraction that are collected by the probe. Langmuir probes are one of the 

simplest techniques for obtaining information about the ions in plasma [85, 86].  They consist 

of an electrode of known area inserted in the plasma and connected electrically to a variable-

voltage power supply. This power supply is in turn grounded to a reference electrode inserted 

in the plasma.  The reference electrode in the case of a single Langmuir Probe is much larger 

than the probe itself and typically consists of the chamber walls or any other convenient 

conducting surface in contact with the plasma.  This apparently simple experimental 

technique is associated with rather complicated theories that are needed to explain the 

current-voltage behaviour of these probes in plasma. 

 Langmuir ion probes have been used extensively to investigate the plasma parameters 

of nanosecond laser produced ablation plumes from metal targets [87-89]. More recently they 

have also been applied to ultrafast laser produced plasmas [90, 91, 92]. Such Langmuir 

probes enable the ionic component of the ablation plume to be studied relatively easily. 

However, they provide no information on the neutral components of the ablation plume, the 

study of which requires more complicated methods, such as mass spectrometry. 

 

3.1.1 Probe construction 

Since the probe is immersed in a harsh environment, special techniques are used to protect it 

from the plasma and vice versa, and to ensure that the circuitry gives the correct I- V values. 
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The probe tip is made of a high-temperature material, usually a tungsten rod or wire 0.1−1 

mm in diameter (in our case 0.5mm). The rod is threaded into a thin Teflon tube, to insulate it 

from the plasma except for a short length of exposed tip, about 2−10 mm long (in our case 

4mm).  

 Langmuir probes placed in chamber are negatively biased at 40 V and are connected 

to the probe through BNC feed through which is designed for the 10-9 torr of vacuum. 

Applied voltage is set to a value, which is enough to repel the electrons coming from the 

plasma. Langmuir probe signal is recorded through a load resistance of 50Ω and then to 

oscilloscope. The schematic of Langmuir probe with electronic circuitry is shown in figure 

14a. An array of three Langmuir probe has been developed and placed in the chamber as 

various angle to recorded the plasma evolution. A typical signal recorded by the three 

Langmuir probe placed at 130, 300 and 450 for copper plasma is shown in figure 14b. 

 

3.1.2 Calculation of Ion parameters: 

The total ion current reaching the probe, located in streaming plasma is the sum of the ion 

component Ii and electron component Ie. [93] 

Ii = e v S (1+γ/z) z ni     For V < 0      …(1)  

Ie = Ie0 exp [ e(V – Vp)/ kTe]  For V-Vp ≤ 0        ...(2) 

Here v is average velocity, S = 2πrl is cross-sectional area of the probe; r and l are the radius 

and the length of the probe respectively, V is applied voltage to probe, Vp is plasma potential, 

kTe is the plasma temperature. At sufficient negative bias (V <0), in the saturation ion-current 

regime, the electron current Ie = 0 and the probe operates as a flat charge collector. The ion 

current (probe current) at time t can be measured by the expression 

Ii (t)= V(t)/ Rload[1+γ/z]           ...(3) 

Where V (t) is the voltage amplitude of the probe signal, Rload is load resistance (50Ω), γ is 

secondary ion-electron emission coefficient and z is the average charge state. In several 

experiments the value of γ/z has been measured and quoted to be varying from 1 to 2. We 

have considered γ/z = 1 for our calculation. 

 

3.1.3 Ion dynamics in laser produced plasmas from mixed high Z targets: 

In these experiments we have used a single shot 12J/500 ps Nd:Glass laser system 

(λ=1.06µm) operated at 2J energy. The laser beam was incident normal to the target surface 

and was focused to a spot of 120 µm diameter by using 50 cm focal length f/5 plano-convex 
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lens to yield an intensity in the range of 8x1012 - 5x1013 W/ cm2. Targets used in this study 

were polished copper, gold and an alloy of gold and copper mixed in an atomic proportion 

with Au-0.43 and Cu-0.57. Ion characteristics measurement was done using an array of three 

Langmuir probes biased at -40V and placed at angles 130, 300 and 450 with respect to target 

normal at 12 cm. In the following paragraph, we will discuss the features of ion currents, ion 

velocity and angular distribution of ions from mixed (Au-Cu) targets compared to pure Au 

and Cu target. 

 The plot of ion velocities for Cu, Au, and Cu-Au alloy targets as a function of laser 

energy and measured with an array of Langmuir Probes placed at 130, 300 and 450 with 

respect to target normal are shown in figure 15 (a), (b) and (c) respectively. The ion velocity 

for copper targets should have been the highest considering it to be having the lowest mass 

and lowest for gold targets having the highest atomic mass. The average ion velocity for the 

mixed targets should have been somewhat in between. However, it is clearly observed that 

the average ion velocity in case of the mixed target is slightly higher as compared to copper 

at angles 130 and 300, but, considerably higher compared to gold. At a larger angle with 

respect to normal (450), the reverse is observed, i.e., copper is observed to have the highest 

velocity. Thus, a higher than expected ion velocity in mixed targets is observed closer to the 

normal to the target.  

 In order to investigate the angular variation of the ion yield and energy, TOF signals 

were obtained for a range of angular values at various laser intensities and at a radial distance 

of 12 cm from target. Figure 16 shows the variation of the ion current calculated from eq. (3) 

at 130 from target normal for copper, gold and copper-gold alloy target and figure 17 shows 

the angular distribution of ions in laser produced plasma measured by array of Langmuir 

probe placed at 130, 300 and 450 from target normal for copper, gold and copper-gold alloy.  

 It is very clear that the peak current in a mixed target is about 1.3 times higher than in 

copper and 3.37 times as compared to gold. The current pulse duration is 0.4µs (FWHM) for 

copper, 1.4µs for gold and 0.48µs for the mixed target. Thus, from these experiments we see 

that mixed targets not only give a higher peak ion current, but also a shorter current pulse 

compared to gold. The area under the curve gives the number of ions ablated, which is 

observed to be 1.34 times copper and 1.6 times that of gold, for the mixed target. 

The polar plot of ion current distribution for all the three targets is shown in Figure 17. It is 

evident that the angular distributions of emitted ions are peaked along the target normal for 

all three targets. Ion density for Au-Cu targets (area enclosed by the polar plot) is also seen to 
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be higher than copper and gold. It is observed that the ion number density in our experiments 

varies with angle θ as a function cosnθ , where n is 7.16 for copper, 9.03 for gold and 6.88 for 

mixed target. 

We conclude that the plasma from a mixed alloy of gold and copper produces a distinctly 

higher ion current as compared to pure gold and copper plasmas. Ion velocity is slightly 

higher than copper but much higher than in gold. The ion current pulse duration is shorter 

than in gold.
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Figure 14a. Schematic set-up with circuitry for Langmuir probe. 

Figure 14b. Schematic set-up with circuitry for Langmuir probe. 
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3.2 Faraday Cup (Ion Collector): 

Faraday Cup is a device for measuring the current in a beam of charged particles. The 

problem associated with the Langmuir probe detector is the contribution of secondary 

electron contribution in an ion signal, which does not allow a quantitative analysis of laser 

produced plasma and also it is placed inside chamber close to targets. Thus, it gives a very 

poor resolution of ions emitted. The other most common type of probe which overcomes the 

disadvantage of Langmuir probe is the Faraday cup having planar geometry. One or two grids 

are used for the ion and electron component separation. The separation is usually done by 

means of a static field that exists between either the grounded grid and the negatively biased 

collector [94- 96] or the grounded grid and the negatively biased control grid [97, 98]. Other 

types of Faraday cups are of cylindrical type or honey comb structure, which minimize the 

secondary electrons [98]. Thus, the Faraday cup (Ion collector) has been able to solve the 

problem of secondary electron emission contribution and since it has a large area collector it 

can be placed for away from target thus giving better resolution between different ion 

species. We have designed and developed two types of Faraday Cups. One is of cylindrical 

type (figure 18a and b) and the other of flat plate type (figure 19a and b) and all employ a 

biased grid as a means of secondary-electron control during plasma measurements. The 

electronic circuitry and photographs for the two types are shown in figure 18 and 19 

respectively. The grid also serves the function of separating primary electrons from the ions 

to be measured. In its simplest form it consists of a conducting metallic chamber or cup, 

which intercepts a particle beam. An electrical lead is attached which conducts the current to 

a measuring instrument. Detection can be as simple as an ammeter in the conducting lead to 

ground or a voltmeter or oscilloscope displaying the voltage developed across a resistor from 

the conducting lead to ground. A bias voltage applied either to the cup itself or a repelling 

grid preceding the cup (or sometimes even a magnetic field) is usually used to prevent 

secondary emission from distorting the signal recorded. The design can be significantly more 

complicated when it is necessary to make measurements of very short pulses or very high 

energy beams which may not be fully stopped in the thickness of the detector. In the type I 

design, the faraday cups were comprised of two, electrically isolated, concentric cylinders as 

illustrated in Figure 18. The inner cylinder could be biased up to -100 V with respect to the 

grounded outer cylinder. The outer cylinder had an OD of 2.5 cm and an aperture of 1.9 cm 

while the inner cylinder had an OD of 1.0 cm and an aperture of 0.5 cm. The low ratio of 

aperture to cup length was to minimize the escape of secondary electrons generated by the 
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impact of the positive ions with the inner cylinder. The inner cup discharged to ground 

through the 50 Ω input of an oscilloscope, permitting the rate of charge interception (current) 

to be measured. In the second type II design a grid is placed in front of a flat plate collector. 

The grid was grounded with the vacuum chamber. The ion signal recorded with two-ion 

collector placed at two different angle and distance is shown in figure 20. 

 The ion current density, i1, of ions reaching the collector in the absence of the 

secondary ion-electron emission and shielding grid is   

∑
=

==
max

0
1

Z

j
ijje nZevveni  

Where ne is the electron density, j is the number ion species, nij is the density of the jth ion 

species, v is the plasma velocity, and zj is the charge state of the jth ion specie. 

In the case of biased collector, the collector is shielded from the plasma by a space charge 

layer because of static field. The latter can modify the collector current or alter the secondary 

ion emission current. The threshold ion density for this effect is given approximately by [99]  

( )2
8105.2

zl
En ji ×≤  

Where E (keV) is the kinetic energy of the ions with the charge state z, l(cm) is the grid 

collector spacing and nij (cm)-3 is the density of ions with the charge state z .the ions with 

lower energy and charge states are more severely limited by the space charge. 

 To evaluate the density for the typical plasma conditions of a laser-irradiated carbon 

target, consider an ion KE of 30 keV and a charge of +6. Then for l = 0.1 cm, the space 

charge limitation becomes significant at n = 2 x 1010 ions/ cm3, then the cup current can be 

calculated by min
min

In
Aev

= , where nmin is the minimum density, Imin is the minimum detectable 

current, A is the aperture area, and v is the ion velocity. The current Imin will be 1.35 A in to a 

0.64 cm diameter aperture. For the ions with energies on the order of 0.3 keV and charge of 

+1, n = 2 x 109 ions/ cm3, corresponding to a current of 0.003A. It is seen that the lower 

energy ions are more severely limited by space charge effects. This results from the fact that 

lower energy ions remain in the grid-collector gap for longer time. 
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Figure 19. (a) Schematic of Flat plate type faraday cup and (b) Photograph of the

Faraday cup. 

Figure 20. Typical Faraday cup signal recorded by two Faraday place

at different angle and distance from the target. 

Figure 18a. Schematic of cylindrical type faraday cup and (b) Photograph of the Faraday cup.  
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3.2.1 Processing methods for ion collector signal: 

The output current in the collector circuit Ic is the combination of ion current Ii and the 

secondary electron current Ie  

( ) ( )[ ] ( )
⎭
⎬
⎫

⎩
⎨
⎧

+=+= ∑
=

tnttzeSeIII ij

Z

j
zjeic

max

0

γε  

Where ε  is the transparency of the entrance grid, S= πd2/4is the area of the collector, d is the 

diameter of the entrance aperture of the collector, jγ ,zj and nij are the secondary ion electron 

emission coefficient ,the charge state and the density of the jth ion species(j=0 corresponds to 

neutral particles) respectively. Taking into account that ∑= jii nn ,  we obtain from above 

equation  

( ) ( ) ( )
( )⎥⎦

⎤
⎢⎣
⎡ +=

tz
ttntzevSI ic

γε 1   =  ( )
( ) ( )tI
tz

t
coll⎥⎦

⎤
⎢⎣
⎡ + γε 1  

Where 

, ,j i j i jj j
n nγ γ= ∑ ∑  and , ,j i j i jj j

z z n n= ∑ ∑  are the average secondary ion electron 

emission coefficient and the average charge state of the ions, respectively and Icoll  is the ion 

current in the entrance grid for a given moment. Thus  

( ) ( )
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( )

( ) ( )
( )

1

ed N t z tU tcI tcoll z tt
Rload z t

γ
ε

⎡ ⎤⎣ ⎦= =
⎧ ⎫⎡ ⎤⎪ ⎪+⎢ ⎥⎨ ⎬

⎢ ⎥⎪ ⎪⎣ ⎦⎩ ⎭

   

Where Uc(t) is the voltage amplitude of the collector signal ,N(t) is the number of ions 

reaching the charge collector and Rload is the load resistance. Thus, the time distribution of ion 

charge Q is 

( ) ( ) ( ) ( )
( )
( )
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N t z t U tdQ ed I tdtdt t
R

z t
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⎡ ⎤⎣ ⎦= ⇒ =
⎧ ⎫⎡ ⎤⎪ ⎪+⎢ ⎥⎨ ⎬

⎢ ⎥⎪ ⎪⎣ ⎦⎩ ⎭

   

The factor ( )
( )

1
t

z t
γ⎡ ⎤

+⎢ ⎥
⎢ ⎥⎣ ⎦

shows how many times the current signal registered by the IC are 

higher than that with completely suppressed secondary electron emission (the ion collector 

reconstructed). The quantity characterizing the average value of the secondary electron 

emission coefficient of the IC applied is presented in fig. [100] 
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   From above figure 21 it is clear that the value of 

( )
( )

1
t

z t
γ⎡ ⎤

+⎢ ⎥
⎢ ⎥⎣ ⎦

 = 1.5 for low velocity (<7 x 106 cm/sec) 

                  =1.0 for higher velocity (>1 x 107 cm/sec 

 And            =0.5 for intermediate velocity 

In order to obtain information on the space properties of expanding plasmas, i.e on angular 

distribution of plasma parameters, a few charge collectors are used, located at various angles 

θ  with respect to the normal to the surface of the target. The angular distributions of plasma 

parameters P(θ ) were approximated by P(θ )=Pcosnθ  function,. the angular distributions 

can be approximated by a more universal formula in the following form P(θ )=P(θ 1)cosnθ + 

P(θ 2)sinnθ Integration of these gives the total value of the determined parameters of plasma, 

( ) θθθπ
π

dPPtotal sin2 2

0∫=  

Where P(θ 1) and P(θ 2) are the magnitudes of the P parameter at angles θ 1 and θ 2 

respectively. 

Figure 21. Ratio of the Ta current density measured with the IC in the experiment with the

MFS and the Ta current density of the collector signal reconstructed. It is being used as

standard for all targets. 
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3.2.2 Measurement of effect of focal position on ion emission from gold plasma:  

The experiments were performed with our home built Nd: Glass laser system (λ=1.06µm), 

which is capable to produce 12J. The laser system was operated in a single shot mode with 

maximum energy of 2J per pulse and pulse duration of 500 psec. High power laser focused in 

a chamber evacuated to 4x10-5 mbar of the intensity of the order of 1012 to 5 x 1013 W/cm2. 

Laser was incident normal to the gold target. Diagnostics of the ion flux are based on time-of-

flight methods (Ion collector). The ion collector was placed at 450 with target normal at a 

distance of 47cm. 

The typical ion collector signal is shown in figure 22a. This figure shows the different groups 

of ions, namely the thermal and fast peaks. The inset in this figure shows one of the fast ion 

peaks time resolved, which shows different peaks for different charge states. The fast ion 

peak is observed to break up into several peaks with different energy (67keV to 250 keV) due 

to different charge states of ions. Figure 22b shows the variation in ion collector signal as the 

target is moved towards the focal position. In case of ‘-’ positions, the laser focus is in front 

of the target. It is clearly observed that whereas, 7 to 8 mm away from the best focus position, 

there is only one peak due to the thermal ions, as we move towards the best focus, second 

peak starts appearing due to the fast ion components as intensity crosses 1013 W/cm2. When 

the target is moved further, closer to the focus, fast ion peak breaks up into several peaks. It is 

also seen from this figure that as we move the target towards the best focus position, the 

peaks of the faster ions group start dominating and show higher amplitude. It is also observed 

that the peaks are more prominent for the ‘-‘position.  

   Fast ion (Ei > 60 keV) current as well as ion velocity are plotted as a function of 

distance of the target from the position of smallest focal diameter (indicated by 0 mm), in 

figure 23. There is a clear peaking of the fast ion flux at the position -1mm but velocity 

peaks at 0 mm. However, in figure 24, the plots of thermal ion flux shows a dip in the ion 

amplitude (ion current) in the range of “-2 mm” to “0 mm” and increases as we move away 

from best focus. Ion velocity more or less uniform values with only slight variations with 

focal position of magnitude less that the error bars of our measurement. Here minus “-“focal 

positions refer to the lens target distance being greater than the lens focal length, while 

positive focal positions are for lens target distances less than the focal length. 

 From the above observation it is clear that as we move towards the best focus the plasma 

size reduces i.e., plasma volume decreases and hence lower the thermal ion current but at the 
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same time intensity increases cause initiation of non-linear processes which generate hot 

electrons and hence the fast ions.  
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Figure 22a. Ion collector record of ion emission at best focus.

Splitting of fast ions groups (inset). 

Figure 22b. Effect of focal position variation on

ion emission 
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Figure 23. Effect of focal position variation on fast ion velocity and amplitude. 

Figure 24. Effect of focal position variation on thermal ion velocity and amplitude. 
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3.2.3 Measurement of effect of focal position on ion emission from copper plasma: 

The experiments were performed with same laser system with higher energy. For this 

experiments the laser energy used was 3.5J. High power laser focused in a chamber 

evacuated to 4x10-5 mbar of the intensity of the order of 1012 to 9 x 1013 W/cm2. Laser was 

incident normal to the target. Two-ion collector (FC1 and FC2) was used in this experiment. 

The ion collectors FC1 was placed at (450, 100) with target normal at a distance of 47.7 cm 

and FC2 was placed at (450, 350) with target normal at a distance of 54.7 cm. 

 It has been observed that in case of low z target (copper) only one group of ion evolved. As 

we move towards the best focus ion amplitude decrease (figure 25) and ion velocity increases 

(figure 26). Thermal ion flux shows the dip close to best focus indicating the reduction of 

plasma size due to volume effect. However, ion velocity is a function of plasma temperature, 

which is maximum at the best focus position. Hence we see the peak of ion velocity at the 

best focus position. From the ion collector profile (ion distribution in plasma) plotted with the 

focal position variation shown in figure 27, it is clear that away from best focus focal 

diameter of beam is larger and hence the volume of plasma more results more number of ions 

(area under the ion collector profile) and peak reached at larger TOF (slow velocity) while at 

best focus size is small and volume is small results less ion and since intensity increases 

results peak at shorter TOF (fast velocity).  
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Figure 25. Effect of focal position variation on ion current

density (ion amplitude).  
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Figure 27. Effect of focal position variation on ion emission profile  
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3.3 Electrostatic Ion Energy Analyzer (IEA): 

Ions that are blown –off from a laser produced plasma have charge, mass and energy 

distribution that are related to the plasma parameters and compositions.  The form of the 

energy distribution of the positive ions emanating from laser-produced plasma, as it expands 

into a surrounding vacuum, has been the subject of intensive investigation over a number of 

years [101-105]. Measurements of the energy distribution for each type of ion present can 

provide information about the plasma parameters and plasma processes. Recently, in the field 

of laser compression of matter, there has been considerable interest in the form of the high 

energy part of these distributions; the presence of a large proportion of high energy ions may 

have serious consequences since they are less efficient in imparting momentum to the 

compression wave in relation to the large fraction of energy which they carry away leading to 

a poor compression efficiency. The presence of high-energy ions and the nonisotropy of ion 

emission are also believed to be important in connection with the development of self-

generated magnetic fields within the plasma. The energy distributions of the various ion 

species present in an expanding laser-produced plasma may be measured by combining a 

time-of-flight technique with some method for separating ions of different mass/charge ratio. 

There are various methods for separating ions different mass to charge ratios. Amongst these 

are Parallel plate type ion energy analyzer [105-108], Planar Gridded electrostatic particle 

analyzer [109], Retarding field energy analyzer [110] magnetic deflection system [111] and 

the electrostatic spherical ion energy analyzer [101, 112, and 113]. A major disadvantage of 

these systems is that for each type of ion the energy distribution must be re-constructed from 

the measurements carried out with a large number of separate laser produced plasmas. Such 

an approach is affected by non-reproducibility of the laser output, as well as of the plasma 

conditions; only an average form of an energy distribution is obtained and the presence of 

important detail could be lost. A much more satisfactory system would be one in which most 

of the energy distribution for each type of ion present could be obtained from single laser shot 

or plasma. This can be achieved by Thomson parabola ion analyzer [113] and Ion energy 

analyzer developed by Chaudhary et al [114], where the ions are separated from the mixture 

by applying a electrostatic field which varies in time and which direct each ions type on to a 

single collector continuously and independently of the ion energy. The energy of the ions is 

obtained from their time of flight to a detector. The limitation of this detector is that it is 

suitable only for the low mass number produced in pulsed plasma of very short duration and 

spatial extent and for low energy ions. For the measurement of high energy and higher charge 
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states and high Z plasma one has to compromise somewhere. In next section we will describe 

the development of Spherical section electrostatic ion energy analyzer used for charge states 

measurement of plasma produced in our laboratory. 

 

3.3.1 Ion beam shaping and space charge effects in ion energy analyzer: 

The expanding plasma is quasi-neutral (fast particle can be exceptional), the separation of 

plasma into ion and electron components must be performed and the electron component 

should be removed completely. If the separation takes place over the entrance slit of the 

analyzer placed at long distance from the ion source, the width of the slit should be lower 

than the Debye radius, bin < λD. In the adiabatic expansion of a laser-produced plasma, the 

electron density ne, and the electron temperature, Te, depends on the distance L as follows 

[113]: 
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        … (1) 

Where ne0 and Te0 are the initial electron concentration and electron temperature of the 

plasma, r0 is the initial radius of the plasma, m = 1, 2, or 3, depending on the expansion 

geometry, and γ (=5/3) is the specific heat ratio. The plasma condition 

( )4 13D D eN nπλ= will be modified to  
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For adiabatic spherical expansion of plasma with Te0 = 1 keV and ne0 = 5 x 1020 cm-3, r0 = 

0.0075 cm, and L = 200 cm, λD (r0) = 1.1 x 10-6 cm, λD (r0) = 1.7 x 10-4 cm, ND (r0) ≈ 6.4 x 

10-4  electrons. It is seen that, for a large distance from the target, the screening effect of ions 

is not valid. From the above consideration we have the result that, in the case of adiabatic 

spherical expansion, the condition for plasma separation in ion analyzers will be in the 

following form: 

 4 ,i in
U zen bR πΔ          … (3) 

where U and ΔR are the voltage and the spacing between the plate of the analyzing system, 

respectively, and e is the elementary charge. It is clear from equation (3) that electric field on 

analyzer must be greater than the electric field due to the charge separation of a plasma. 
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 The adiabatic expansion can be disturbed due to the recombination heating of plasma. 

However, in the case of spherical expansion, and with the electron temperature changing as 

Te ~ 1/L, the number of particle in the Debye sphere is constant. That is the case in which the 

electron temperature needed to estimate the λD (L). 

 In laser produced plasma the ion current densities even at long distance is of the order 

of tens of mA/cm2 which may sufficient to cause the space charge effect on energy 

resolution. This has been addressed by many authors [115, 116]. The limiting condition given 

by Green for usable plasma density ni (L) [cm-3] for which space charge effect will be 

negligible is 

  8
25 10 . ,out

i
in

bEn x
l z b

≤         … (4) 

For strip ion beams, where bout /bin is the ratio of entrance-to-output width, E[keV] is the 

energy of ions with the charge state z, and l [cm] is the path of flight of ions inside the 

analyzing system. 

  

3.3.2 Design and principle of operation of Electrostatic Ion Energy Analyzer: 

The cylindrical Ion Energy analyzer is combination of time-of-flight method and the 

dispersion or filtering unit (deflection plate) to sort ions according to their energy-to-charge 

ratio. The schematic and photograph of the electrostatic ion energy analyzer is shown in 

figure 28a and b. The time-of-flight is provided with long tube of length 1500 mm and of 

diameter 70 mm. One end of the tube is connected to the vacuum chamber port at an angle of 

450 with respect to laser axis and other end is connected with the filtering system. The 

filtering system is sector of two coaxial metallic cylinders of radius R1 (95 mm) and R2 (100 

mm) and with the deflection angle of 900. The voltage applied on both the sections can be 

varied from 0 to ±5kV. Outer sector is connected with positive voltage and inner sector is 

connected with negative voltage so that the ion beam will travel in desired circular trajectory 

and can pass through the aperture. The radial electric field inside the deflection system is 

given by  

 ( )2 1

2

1
ln

r
V VE

Rr R

−=
⎡ ⎤⎛ ⎞⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

        … (5) 

where r is the radius of equipotential surface and R1 < r < R2.  In most cases of the symmetric 

polarization, V2 = V1 = U/2, the equipotential surface V0 = 0 exists for  
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at  2 1 0 ,R R R R− = Δ < when R0 is the mean radius of the deflection plates. If a particle with 

the charge ez, mass M, and velocity v is to have a circular trajectory with r = R0, the 

following force equation must be held: 
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where ( )0 2k R R= Δ is the geometric factor of the IEA which is 9.747 in our case and E is 

the kinetic energy of the particle. From equation (8), we can see that only ions with given 

energy-to-charge ratio, can pass through the IEA, that is, the IEA is operated as an energy 

filter. The time-of-flight value of the ions able to pass the IEA filter is given by the following 

equation: 
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From equation (8) and (9) it is seen that only ions with particular values of their mass-to-

charge ratio, M/z, can pass through the IEA and reach the detector. Specifically, for a certain 

voltage difference on the plates, only with a certain energy-to-charge ratio will followed the 

path shown in figure 28a and reach to the detector (Electron multiplier Tube or MCPs). All 

the ions with different energy-to-charge ratio will be curved by the plates, but will hit the 

plates and not reach the detector. 

 

3.3.3 Time-of-Flight analysis: For a given voltage difference between the plates of the IEA, 

ions with a fixed E/z ratio reach at identical position on detector after passing through the slit 

in front. This means that ion with twice the charge state and twice the energy of the other ions 

will be detected along with them. For example ion with energy E and charge state Z+ will 
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reach along with ions with energy 2E and charge state Z+2 and so on with energy nE and 

charge state Z+n.  However, ions with a different charge state will not be detected at the same 

time. An ion with twice the charge state and twice the energy will be traveling at a faster 

speed (1.414 times faster speed because energy is related to the square of the speed). What 

this means that the higher-energy ion will arrive earlier (for twice the energy, the arrival time 

will be 0.707 times earlier). Thus, in this TOF the different charge states are time resolved for 

a given voltage on the plates. In order to obtain the entire distribution of ions over various 

energy ranges and charge-states, the voltage difference on the sector plates is scanned from 0 

to 10 kV. Each voltage difference gives a set of charge states and energies as described 

above. All the records then can be combined through a computer program for over all energy-

to-charge distribution in laser-produced plasma. Figure 28c shows the ion spectrum of copper 

plasma with the applied voltage of ±1 kV on both spherical sector in single shot operation. To 

analyze complete spectrum distribution of ions charge states reading will be recorded for 

many shots at different applied voltage and then computer processed to get spectrum. The 

further work is going on the optimization of the detectors. 
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Figure 28(a). Schematic of Ion energy analyzer. (b) Photograph of ion energy analyzer and (c) signal
detected from the detector for the copper plasma in single shot.  

TOF tube 
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4.0 Shock Diagnostics for Equation of state (EOS) studies: 
The study of Equation of State (EOS) at high pressures is of interest for several fields of 

Physics, in particular astrophysics, material science and inertial confinement fusion [117, 

118]. Several techniques are available for generating shock pressures ranging from 1 Mbar to 

hundreds of megabars. Diamond anvil cell and two-stage gas can produce shock pressures up 

to 5 to 10 Mbar, respectively [119, 120]. In the past, only a few EOS measurements in the 

tens of Mbar domain were performed by nuclear explosions. This, because of reproducibility, 

environmental, economic and proliferation considerations, was certainly not a good 

experimental method. High power lasers are interest tools to investigate the equation of state 

(EOS) of condensed matters at high pressures [121]. High power pulsed lasers capable to 

produce shock pressure more than few tens of Mbars in laboratories by focusing intense 

beams onto solid targets [122, 123]. The efforts in the recent past reveal that laser-driven 

shock wave technique can be employed for achieving shock pressures of 10–40 Mbar within 

15–20% accuracy in the laboratory conditions [124, 125]. Recently, experiments using 

indirect drive method measure the shock pressure within an accuracy of 3–4% [126]. With 

these developments it appears that laser-driven shocks can be used for the generation of 

accurate high-pressure data. These data can be utilized as a testing ground for the first 

principle theoretical models that is used for generating the EOS data in the pressure region 

not yet accessible experimentally. Recently pressures up to 0.75 Gbar have been obtained in 

these experiments at the Livermore Laboratory [127].  

EOS experiments with shock wave are based on the so-called Hugoniot-Rankine 

relations, which in the simplest case of “strong” shocks are 
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Where up, ρ, P, us and E are respectively the fluid velocity (particle velocity), the mass 

density, the pressure, the shock velocity and the specific internal energy of the material (after 

shock passage), while ρ0, P0 and E0 are the values for un-perturbed material (i.e. before shock 

passage). Being a system of 3 equations with 5 unknowns, Hugoniot-Rankine relations allow 

one point on the EOS of the material to be found once two parameters are experimentally 

measured. The two parameter can be measured is shock velocity by detecting shock break 
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through by optical streak camera and particle velocity measurement by using Velocity 

Interferometer System for Any Reflector (VISAR). 

When a high power laser is focused on target surface, the strong ablating plasma 

generates an inward travelling shock wave. When the shock wave unloads at the target rear 

side, luminosity is visible and recorded by the optical streak camera. The time fiducial is set 

for the peak of the laser pulse and the difference between the shock launching instant or the 

laser pulse peak and the sock unloading instant gives the shock transit time through the target 

foil. Hence, knowing the target foil thickness ‘d’ and transit time ‘t’, shock velocity (d/t) is 

obtained using the optical streak camera. The particle velocity can be measured by probing 

the rear surface of the target with VISAR probe. The reflected beam then fed to 

interferometer arm and by measuring the fringe shift due to rear surface movement will give 

the particle velocity measurement.   

 Though, we can measure all above mentioned parameters for a material by knowing 

one unknown (either up, or us) by the following relation of us and up, (us = a + bup) if a, b for 

the material is known. This measurement is not very accurate. To measure accurate EOS of 

material both us and up should be measured experimentally. In the following section we will 

discuss about the diagnostics developed for shock velocity and particle velocity measurement 

and the experiments done on the measurements. 

 

4.1 Optical streak Camera  

The optical streak camera is a device, which is used to measure ultra-fast light phenomena 

and gives light intensity Vs time information. These cameras would streak reflected light onto 

film. No other instruments, which directly detect ultra-fast light phenomena, have better 

temporal resolution than streak camera. Picosecond (10-12 s) to subpicoseond resolution can 

typically be obtained with these instruments. The cameras provide ultimate sensitivity down 

to the single-photon level. Since the streak camera records light intensity Vs time for signal 

passing through a slit, it is a two dimensional device, i.e., it can be used to detect several tens 

of different light channel simultaneously. For example, used in combination with a 

spectroscope, time variation of the incident light intensity with respect to wavelength can be 

measured (time-resolved spectroscopy). When used in combination with proper optics, it is 

possible to measure time variation of the incident light with respect to position (time and 

space resolved measurement). 
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4.2 Operating principal of streak camera:  

Let us consider a train of four optical pulses incident on the streak camera. The incident light 

on the photocathode is converted into a number of electrons proportional to the intensity of 

the light, so that these four optical pulses are converted sequentially into bunches of electrons 

as shown in figure 29. These electrons bunches pass through a pair of accelerating electrodes; 

a pair of sweep electrode to which high voltage ramp is applied which is synchronized with 

the incident light pulse. This initiates a high-speed sweep, during which, the electrons 

arriving at slightly different times, are deflected at slightly different angles and incident on 

the MCP (micro channel plate) at different positions. As the electron passes through the 

MCP, there is gain of several thousand, after which they impact on phosphor screen, where 

they are converted again to light. On phosphor screen, the phosphor image corresponding to 

the optical pulse, which was earliest to arrive, starts earliest. The streak length corresponds to 

the pulse duration of the light and brightness corresponds to the intensity of the light. In this 

way, the streak camera can be used to convert changes in the temporal and spatial light 

intensity of the light being measured into an image showing the brightness distribution on the 

phosphor screen. We can thus determine time duration from the length of the streak on 

phosphor screen.   
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   Figure 29. Optical streak camera operation timing.  
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4.3 Measurement of shock transit time in single and layered target foils: 

The Laser driven shock studies on various targets have been done on 12 J/ 300-800 ps laser 

system [128]. The 12J/300-800-psec-laser system consists of a commercial laser oscillator 

with output energy of 100 mJ per pulse, operating at a pulse repetition rate of 10Hz, and a 

peak to background contrast of 104. Since large energy storage Nd:Glass amplifiers operate in 

single shot mode, the oscillator has also been made to operate in a single shot mode and is 

synchronized with five amplifier stages using a specially developed fast synchronization 

circuit. In order to maintain the laser intensity below damage threshold, the successive 

amplifiers are housed with laser rods of increasing diameters as we proceed away from the 

oscillator. The laser system used consists of two 19 mm x 300 mm Nd:Glass amplifier 

pumped by six xenon filled flash lamps, two 38 mm x 300 mm and one  50 mm x 300mm 

Nd:Glass amplifiers pumped by twelve  xenon filled flash lamps each, a spatial filter to 

remove non-uniformity and  expansion of beam. It is placed in between second and third 

stage of the chain. Two Faraday Isolators are used to protect any back reflection, which can 

cause damage to the optics and laser oscillator. First Faraday Isolator which is permanent 

magnet based is placed after first amplifier and the second one is placed at the last stage. 

In order to measure ultra-fast phenomena using an optical streak camera, a trigger section and 

a read out section are required. The schematic of the set up to measure the shock transit time 

(shock velocity) through targets foil is shown in figure 30. The trigger controls the timing of 

the streak sweep. The trigger pulse is generated from a fraction of the laser pulse after the 

oscillator using a beam splitter BS that divides the laser pulse into two pulses. One is detected 

by the fast photodiode to generate a trigger pulse. This trigger pulse has to be synchronized 

with the main laser pulse so that the streak camera records the event. For this we have 

introduced a variable delay generator in between photodiode output and the streak camera. 

Other part of the beam from BS is focused in a KD*P crystal to generate second harmonic 

pulse. This pulse made incident on slit of an optical streak camera through fiber to obtain 

reference time signal (fiducial) on streak camera screen. Since the streak camera internal 

delay is more than 30 ns we have taken long optical fiber to synchronize streak camera 

electronics delay with the optical delay. The readout system records the phosphor screen of 

steak camera to PC with optical CCD camera and frame grabber card for the analysis. The 

frame grabber card is externally triggered to record the single shot image. The external 

trigger is taken from the control unit of the laser system. To synchronize the streak camera 

operation and the fiducial with the arrival of main laser pulse, the laser pulse is optically 
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delayed by means of mirrors M3, M4 and M5 before it is focused on the target. The 

synchronization of main beam with the fiducial has been done without introducing the target 

in the path of the main beam. The main beam is also converted to second harmonic and 

imaged to streak camera slit along with the fiducial. The synchronization of main beam with 

fiducial is shown in figure 31. In order to measure shock transit time (shock velocity) various 

targets are introduced in main beam path. The back surface of the target is imaged to streak 

camera slit with the help of f/5 convex lens. The fiducial and the streak caused by the shock 

luminosity glow on the rear of the 8-μm aluminum (Al), 10 μm gold (Au) and 12-μm 

titanium (Ti) are shown in figure 32a, b and c. 

Shock transit time, shock velocity, particle velocity and shock pressure in various materials 

namely – Aluminum, gold, Nickel, Titanium, Layered target (Al coated with Pb), Zapon 

coated with gold and aluminium etc has been done. Table 3 shows measured parameter of 

various targets at intensity 1.4x1014W/cm2 . Scaling of shock velocity with laser intensity for 

the 10 µm gold and 5 µm, 8 µm, 10 µm Al have been done as shown in figure 33a and b. It is 

seen from the figure that it is in well agreement with the theory. 

 

Table 3. EOS data for various targets at 1.4 x 1014  W/cm2. 

 

 

Target  Shock transit time 

(ps) 

Shock velocity 

(x 106 cm/sec) 

Particle velocity 

( x 106 cm/sec ) 

Shock pressure 

(Mbar) 

5 μm Al  203 2.46 1.84 12.2 

8 μm Al  311 2.57 1.92 13.32 

10 μm Al  401 2.5 1.8 12.15 

12 μm Ti  759 1.58 1.34 10 

5 μm Ni  355 1.41 1.06 14.66 

10 μm Au  809 1.23 0.85 19.64 

5 μm Al coated with 

0.5 μm Pb 

207 Layered target is used for shock multiplication and to measure EOS of 

unknown material (Pb) with reference to the known (Al) material 
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Figure 30. Schematic of experimental set-up to measure shock transit time in various

targets.  

Electronic trigger 

Optical 
fiducial 



77 

 

 

    

  

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Fig.31 Synchronization of main beam with fiducial.  

Fiducial 

Main beam 

Figure 32. Streak record of the fiducial and shock luminosity signals in

(a) 8 μm Al foil (b) 10 μm Au foil and (c) 12 μm Ti foil.  

Fig. Delay between two light pulses with 10 ns scale.  

Fiducial

Shock Luminosity

8 μm Al foil 

10 μm Au foil 

12 μm Ti foil 

(a) 

(b) 

(c) 
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Figure 33a. Scaling of shock velocity with laser intensity in 10µm Au foil.

Experimental (●) and theoretical (■). 

Figure 33b. Scaling of shock velocity with laser intensity in 5 µm Al (●), 8 µm Al

(▼), 10 µm Al (▲) and theoretical (■). 
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4.4 Velocity Interferometer System for Any Reflector (VISAR): 
The dynamic behavior of surfaces shocked to high pressures ranging from tens of kilo bars up to 

several megabars has been a topic of great interest for many years. The reflection of shock waves 

from surfaces can lead to various phenomena, such as spallation [129–131], ejection of material from 

the surface [132, 133] or to the development of hydrodynamic instabilities, such as Rayleigh–Taylor 

instability [134, 135] at material interfaces. The potential application of laser-driven shocks as a 

means to determine high pressure equation of state (EOS) has been known for many years.[136–138] 

EOS experiments require accurate measurement of shock velocity. Methods for determining shock 

velocity have included transit time measurements explained in previous section [129, 140] or 

streaked radiographic measurements where x-ray backlighting is used instead of shock luminosity 

[141]. Achieving high precision with these techniques is challenging, and requires accurate target 

metrology, detector characterization, and high quality data. The velocity of short duration high-

amplitude shock waves and high-speed motion created by sources such as explosives, high energy 

plasmas and other rapid-acceleration devices are difficult to measure due to their fast reaction times. 

One measurement tool frequently used is VISAR (Velocity Interferometer System for Any Reflector) 

[142]. VISAR is an optical-based system that utilizes Doppler interferometry techniques to measure 

the complete time-history of the motion of a surface. Laser light is focused to a point onto a target of 

interest and the reflected light is collected, routed through an unequal leg interferometer, leading to 

interference fringes due to differential Doppler shift. The fringe shift is detected and digitized and 

converted to time history of velocity. This technique is gaining worldwide acceptance as the tool of 

choice for measurement of shock phenomena. The predecessors of the modern VISAR are the Wide 

Angle Michelson Interferometer (WAMI) and the Lockheed Laser Velocimeter. The Lockheed 

Laser Velocimeter used the same techniques as the WAMI and is acknowledged as the first linear 

velocity interferometer to be used for shock physics. Barker and Hollenbach used the previous 

developments of the Lockheed Laser Velocimeter to build a laser interferometer for shock physics at 

Sandia National Laboratories. That system was improved upon, and uses the acronym “VISAR” 

(Velocity Interferometer System for Any Reflector). 

 

4.5 Design, development and studies on a Fiber Optic Probe for a Laser Velocity 

Interferometer for Shock Studies: 

A Velocity Interferometer System for Any Reflector target (VISAR) with a laser probe is 

used now –a-days for the accurate measurement of particle velocity in the range of 0.5 to 10 

Km/sec, in materials subjected to intense laser driven shock pressure in the Mega bar range. 

In most cases the sensitive interferometer is placed far from the high power laser and plasma 
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chamber. This is necessary from the point of view of safety of the personnel as well as for 

prevention of vibration effect on the sensitive interferometer. A fiber optic based 

interferometric system is well suited for such environments. Optical fiber coupled to specially 

designed optical probes can transport the probe laser to and from a shocked target to the 

interferometer as shown in the schematic figure 34. This will eliminate the probability of 

misalignments as it happens when folding mirrors are used. Indigenous development of this 

probe was necessary due to two facts. Firstly, a single manufacturer from US manufactures 

these probes and they cannot be imported due to the sanctions. Secondly, in some of the 

experiments, especially using a gas gun, these probes are destroyed and have to be frequently 

replaced. The optical design of this probe is complicated and considerable efforts were made 

in the design and development of these probes. The detailed structure of the fiber optic probe 

is shown inset in figure 34. Probe laser is launched into the 50µm core diameter optical fiber 

F1 using a 20x microscope objective. The other end of the fiber is fixed inside the probe 

holder as shown inset in figure 34. Laser output from this fiber is focused onto the target 

surface at a distance of about 3cms using a micro lens L1 mounted at the center of a pair of 

two condenser lenses L2 and L3. Backscattered light from the target surface is collected by the 

lens combination L2 - L3 and focused on an optical fiber F2 of 1000µm core diameter, 

mounted inside the probe along the optic axis of L1 and L2. All the lenses are assembled 

coaxially inside the Perspex holder having a cylindrical shape. The holder has a set of parallel 

grooves on the cylindrical surface enabling alignment of the condenser lenses to focus the 

collected light on F2. Light collected by F2 is incident on a beam collimator with 25mm 

aperture. The collimated beam is made incident on the VISAR and circular fringe pattern 

obtained at the output is shown in figure 35a. An aperture in front of the PM tube detector 

selects and displays the movement of the central fringe of the pattern on an oscilloscope as 

shown in figure 35b. This temporal fringe pattern is processed to obtain the free surface 

velocity of the laser-shocked targets. 

 Measurements were done to maximize the transport (Et) and collection efficiency (Ec) 

of the optical probe, where Et = Pinc_t / PL where PL is the probe laser and Pinc_t is the laser 

power at the out put of L1. Ec = Pout / PL is the laser power coming out through fiber F2 

incident on the collimator. Et is dependant on -1) the focal spot size obtained by the 

microscope objective and its alignment with respect to optical fiber F1.2) alignment of L1 

with respect to the tip of the fiber F1. Ec on the other hand depends upon the target 

reflectivity, size of the focal spot on the target, numerical aperture of the condenser lens, the 
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alignment of L2 and L3 with respect to tip of fiber F2 and also the core diameter of F2. Et and 

Ec were measured using a 2watt single longitudinal mode laser (VERSA DISK) at 0.515 µm 

wavelength (second harmonic) from a diode pumped Yb: YAG laser. The line width of this 

laser was 3MHz which resulted in very good fringe contrast. Table below shows the 

measured values of Et and Ec for highly reflective type of target. 

 

 Input laser power Output laser 
power 

Et (%) Ec (%) 

Indigenous probe 200mW 104mW 52 3 
Imported probe 200mW 143mW 71.5 15 
 

Optimization of the probe design is continuing to increase both Et and Ec. As a final remark 

we would like to mention that this fiber optic probe could have a wide range of application. 

Such probe can be used to collect weak fluorescence signal from areas not easily accessible 

and transport them to the analyzing instruments. A typical example would be experiments on 

biological sample. 
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(a) (b) 

Figure 35(a). Fringe pattern generated by VISAR of reflected light from dummy

target recorded by CCD and (b) movement of the central fringe of the pattern on

PMT head recorded on oscilloscope. 

Figure 34. Schematic set-up for particle velocity measurement from shocked target

with VISAR and details of fiber optic probe is shown in inset.  

L2 L3 

L1 
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5.0 Conclusion: 

 This report presents the details of some of the important laser-plasma diagnostics 

developed for experiments on laser-matter interaction with the 40Gigawatt/300-800 psec 

Nd:Glass laser system in our laboratory. X-ray diagnostics have been used to study the 

spatial, temporal and spectral characteristics of laser-plasma x-ray source. X-ray pinhole 

camera has been used to study evolution of plasma on a space scale and its behaviour with 

respect to laser beam focusing geometry. X-ray diodes have been used in almost every 

experiment to obtain information about x-ray emission in different spectral regions. Two 

types of diodes have been used. Semiconductor x-ray diode array for measurement of 

integrated x-ray yield and Bi-planar vacuum x-ray diode with fast response of 100psec to 

measure x-ray pulse characteristics have been developed. X-ray crystal spectrometer has been 

set up to record line spectrum of copper plasma in the 7-10Å regions. Interesting experiment 

on effect of variation of focusing geometry on intensity of lines has been reported. We can 

extend the range of observation from 1- 10Å by using PET and Lithium Fluoride crystals in 

the spectrometer. 

 Amongst ion diagnostics, we have used the Langmuir probe and Faraday Cup for ion 

velocity and ion current measurements from various types of complex targets. Arrays of these 

detectors have also been used to obtain angular distribution. An ion energy analyzer has been 

set up to obtain charge to energy ratio and coupled with a time of flight tube, it can give the 

complete charge spectrum. 

 The multi mega bar shocks in various targets have been obtained by measuring shock 

velocity with a 20psec time resolution optical streak camera. This has necessitated the setting 

up of precise synchronization between main pulse and the fiducial (time marker pulse) using 

precision optical and electronic delay lines in the set up. A Velocity Interferometer for Any 

Reflector System (VISAR) has been set up to measure particle velocity in a laser shocked 

target. Simultaneous measurement of shock velocity and particle velocity is being done 

presently to obtain an unambiguous equation of state of the target subjected to multi mega bar 

shocks with the intense laser. Shock velocity scaling with laser intensity has been observed to 

match well with a 1-D hydrodynamic simulation incorporating radiation transport. 
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