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Title: Study of the role of collisions and their effect on instabilities in high density laser-plasma
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Name of PI & Affiliation: Dr. Nilakshi Das, Professor, Department of Physics, Tezpur

University, Napaam, Tezpur, Assam-784028
Name of CI & Affiliation: Dr. G. A. Ahmed, Associate Professor, Department of Physics,
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Name of PC & Affiliation: Dr. Kartik Patel, L&PTD, BARC, Trombay, Mumbai-400085

Name of major Equipments procured and their cost:

1. One High End Workstation (Model No. HP Z820) Rs. 7,77,000.00/-

2.0ne 3 KVA On-Line UPS System Rs. 1,20,225.00/-

3. One Laptop Computer with Core- i7 Processor (Probook 4440 s) Rs. 69,000.00/-

Present working status of the Equipment: Good

Number of Journal Publications with impact factor (attach list as Annex- I): 5 (five)

Number of symposia presentations: 3 (three)

Number of staff trained under this project: 1 (one)

List of Objectives as mentioned in original proposal

(List accomplishments/ short falls against each of the objectives)

The objectives can be categorized as follows —

1. A self sufficient computational facility will be developed in the PI's institute for the
execution of the project.
2. Investigation of the generation, growth and saturation of large magnetic fields through



L

the Weibel instability arising in laser-plasma interaction. including the effect of collisions
among plasma particles on the Weibel instability.

Study of the effect of the self-generated magnetic field on the hot electrons created due to
laser-plasma interaction.

To study the motion of a streaming low-density plasma and the ettect of collisions in it
motion.

Accomplishments of the projects in 3 to 4 bullets:

1.

(OS]

We have investigated the role of the angle of incidence of a short pulse laser on magnetic
field generation in overdense plasmas with the help of 3D-PIC simulations using the code
Picpsi-3D. We have observed the formation of periodic density ripple-like structures are
formed due to emission of energetic electron jets from the plasma surface, which may be
due to vacuum heating. These ripples carry forward and return currents that are
responsible for the formation of periodic magnetic field structures on the plasma surface.
We have investigated the role of target thickness in proton acceleration from near-critical
mass limited plasma targets by an intense short pulsed circularly polarized laser with the
help of three dimensional (3D) particle-in-cell (PIC) simulations using the code Picpsi-
3D. We have observed that the radiation pressure accelerated protons are highly energetic
and hence travel much faster through the target and reach the target rear side as the target
thickness is decreased. Thus, radiation pressure dominates the acceleration process on
decreasing target thickness which leads to an increase in maximum proton energy and
beam collimation.

We have investigated the acceleration of protons from an overdense plasma target in the
presence of an axial magnetic field with the help of 3D-PIC simulations using the code
Picpsi-3D. We have observed that an axial magnetic field favours target normal sheath
acceleration mechanism in the case of right circularly polarized laser, whereas protons
arc accelerated more effectively by the radiation pressure in case of left circularly
polarized laser.

We have done an analytical study of relativistic second-harmonic generation in the
reflected component by an obliquely incident s-polarized laser from a cold underdense
plasma in the presence of a magnetic field. We have observed that the presence of
magnetic field enhances the value of the modified relativistic factor y, which results in
the reduction of the second-harmonic conversion efficiency.



Summary in about 300 words (which is understandable by general scientific fraternity)

bringing out the novelty of the work:

With the advances in high power lasers, the interaction of plasma with high intensity laser fields
has become possible. Harmonic generation from lasers serve as an excellent tool for laser plasma
diagnostics, especially to diagnose warm and hot dense matter. We have done an analytical
investigation on relativistic second-harmonic generation in the reflected component by an
obliquely incident s-polarized laser from a cold underdense plasma in the presence of magnetic
field. We have found that the second harmonic conversion efficiency increases with the increase
in angle of incidence as well as the laser electric field amplitude.

The interaction of intense ultra short laser pulses with plasma also results in the generation of
high amplitude magnetic fields. We have investigated the role of angle of incidence of a short
pulse laser on magnetic field generation in overdense plasmas with the help of three dimensional
(3D) particle-in-cell (PIC) simulations using the code Picpsi-3D. We have observed the
formation of periodic magnetic field structures on the plasma front surface when the laser is
incident obliquely on the surface. '

The generation of energétic protons has been an interesting area of research in the field of laser
plasma interactions due to its wide range of applications in fast ignition scenarios, proton
radiography, nuclear physics, cancer therapy and many more. We have investigated the role of
target thickness in proton acceleration from near-critical mass limited plasmas by an intense
short pulsed circularly polarized laser with the help of 3D-PIC simulations. Huge magnetic fields
generated during intense laser plasma interactions can have a considerable effect on the high
energy electron flow and thus can significantly influence ion acceleration. We have investigated
the acceleration of protons from an overdense plasma target in presence of an axial magnetic
field with the help of 3D-PIC simulations and have observed that a left circularly polarized laser
produces higher energetic protons.

Insert two photographs representing outcome of the project:
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Whether any of the staff has submitted/ been awarded rescarch degree on the basis of work
carried out on the project. If so, degree and title of thereon and year of submission/ award.

The project staff, Mr. Deep Kumar Kuri, has registered for Ph. D. on August, 2014 in Dept. of

Physics, Tezpur University, Assam and is continuing his research under the supervision of Prof.
Nilakshi Das.

Detailed technical report of the entire work done on the project.

Work done during financial year 2013-2014:

I. Fund received on 1st March 2013.

2. Junior Research Fellow (JRF) appointed on 26" July, 2013.

3. High End Workstation, Laptop, UPS and other equipments were purchased and installed
during November and December, 2013.

4. The Linux based Fedora operating system and the PIC simulation code Picpsi-3D has
been installed during January, 2014.

5. Study of electron-ion collisional effect on Weibel instability in a Kappa distributed
unmagnetized plasma

When intense ultrashort laser pulse interacts with a solid target, it is found that large magnetic
field of the order of 10® G is generated [1]. It is a challenging task to understand the origin and
evolution of large scale magnetic field in astrophysical environment and fast ignition scenarios.
Weibel [2] in his classic work (1959) showed that velocity anisotropy of electron may lead to
spontaneous excitation of transverse electromagnetic wave. Achterberg [3] suggested that
filamentation and temperature anisotropy driven Weibel instability are responsible for generation
of magnetic field in the early stage of universe, ultra-relativistic shocks associated with Gamma
Ray Bursts, etc. In recent years, Weibel instability has been widely studied in laser-produced
plasmas. Sandhu et al. [4] have reported about their observation of generation of ultra-short (6ps)
multi-Megagauss (27 MG) magnetic pulse during interaction of intense laser pulse (10'°Wem™,
100 fs) with a solid target. In Fast Ignition (FI) scheme, the electron beam may have significant
temperature anisotropy, which leads to the Weibel instability. Non-Maxwellian plasma is widely
found in space with suprathermal tails in electron or ion distribution. Energetic electrons may be
generated in laser-plasma during beamtarget interaction. Such energetic electrons are well fitted
by the Kappa distribution. Kappa distribution has been used to explain different waves and
instabilities, and the results are found in good quantitative agreement with observations, which
indicate that Kappa distribution may be a more appropriate substitute of Maxwellian distribution
In some circumstances.
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We have done an analytical in\-'csli'galion on Weibel instability using non-relativistic Kappa
distribution taking into account the effect of electron-ion collision. The conclusions drawn are as
follows:
1. Weibel mode exhibits growth for low values of collision frequency. Growth rate is higher
for Maxwellian plasma particles.

E\_)

The electron-ion collision frequency is affected by the spectral index j. Suprathermal
electrons experience less collision than the Maxwellian ones where the other parameters
remain unchanged. '

3. In presence of collisions, Weibel mode shows damping. The damping is high for a
plasma with Maxwellian distribution function. For the same set of plasma parameters,
Weibel instability persists to a greater extent for suprathermal electrons.

4. With decrease in temperature anisotropy, the point of intersection of the growth rate
curves for different spectral indices shifts towards lower values of k.

5. As the temperature anisotropy parameter b increases, the normalized value of k

corresponding to maximum growth rate shifts towards higher values.
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Work done during financial year 2014-2015:

To study the second harmonic generation by an obliquely incident s-polarized laser from a
magnetized plasma.

With the recent advances in high-power lasers, the interaction of plasma with high-intensity laser
fields has become possible. Harmonics generated due to the interaction of intense short-pulse
lasers with plasmas has been an active area of research in recent years [1]. Second-harmonic
generation is one of the most widely discussed areas in laser—plasma interactions as it has many
applications such as the study of material properties, biological samples etc. It can be used as a
diagnostic tool for overdense plasmas since at second harmonic frequency laser can penetrate
into such plasmas and may provide us information regarding various phenomena occurring
therein. Generation of second harmonics by a linearly polarized laser beam propagating through
an underdense plasma embedded in a transverse magnetic ficld has been analyzed [2]. Verma
and Sharma [3] have investigated second harmonic generation by a laser produced plasma



having a density ripple in the presence of an azimuthal magnetic field. Interaction of ultrahigh-
intensity lasers with plasmas induces transverse currents due to quiver motion of the electrons.
Laser intensities upto 10°” W/em® has been achieved. which while propagating through the
plasma makes the electrons move with relativistic velocities and the electron motion becomes
nonlinear and thus leads to the generation of harmonics.

We have done an analytical study of relativistic second-harmonic generation in the reflected
component by an obliquely incident s-polarized laser from a cold underdense plasma in the
presence of a magnetic field. The conclusions drawn are as follows:

1. The efficiency is found to increase with the angle of incidence upto the critical angle.

2. Second-harmonic conversion efficiency increases with a; which is also revealed in the
literature [4]. However, in the presence of magnetic field, the conversion efficiency starts
decreasing as the magnetic field is increased.

3. The presence of magnetic field enhances the value of the modified relativistic factor y,
which results in the reduction of the second-harmonic conversion efficiency.

References:
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Work done during financial year 2015-2016:

To investigate the role of target thickness in proton acceleration from near-critical mass-
limited plasmas.

The generation of high energetic protons have been an interesting area of research in the field of
laser-plasma interactions due to its wide range of applications in fast ignition scenarios [1].
proton radiography [2], proton imaging techniques [3], nuclear physics [4], cancer therapy [5.6]
as well as in astrophysics [7]. Multi-MeV protons havebeen generated experimentally [8-10]
which can be well explained by the popular target normal sheath acceleration mechanism
(TNSA) [11]. In this mechanism, a high intensity laser ionizes the front side of the target and
generates hot electrons which travel towards the target rear side and form a negatively charged
electron sheath. The strong longitudinal electric field of this highly charged electron sheath
accelerates the protons from the rear side of the target. At ultrahigh intensities about 10%
W/em?2, the radiation pressure of the laser starts dominating the acceleration process and the ions
get accelerated effectively from the target front side up to relativistically high energies via.
radiation pressure acceleration (RPA) [12,13] mechanism.



We have investigated the role of target thickness in proton acceleration from near-critical mass
limited plasma targets by an intense short pulsed circularly polarized laser with the help of three
dimensional (3D) particle-in-cell (PIC) simulation using the code Picpsi-3D [14]. The
simulations have been done by using targets of thicknesses 8, 3. 2 and | um. The conclusions
drawn are as follows:

Protons get accelerated more effectively from the target front surface due to the radiation
pressure of a circularly polarized laser. The front surface accelerated protons are more
energetic and collimated than the ones which are accelerated by the TNSA mechanism
from the target rear side.

2. The radiation pressure accelerated protons are highly energetic and hence travel much
faster through the target and reach the target rear side as the target thickness is decreased.
Thus, RPA dominates the acceleration process on decreasing target thickness which leads
to an increase in maximum proton energy and beam collimation.

3. The use of a circularly polarized laser reduces volumic heating and also prevents the
effect of transverse hot electron recirculations to a considerable extent which improves
the energetic proton beam collimation.

4. The maximum proton energy as well as the number of accelerated protons increases on
decreasing target thickness. However, the monoenergetic character is not observed in the
energy spectrum as the monoenergetic nature of RPA is diluted due to multidimensional
effects.

5. For same values of laser intensity and target thickness, TNSA mechanism dominates over
RPA for a p-polarized laser, while the reverse happens for a circularly polarized laser.

6. The proton energy obtained is found to be maximum for the target of an optimum
thickness of 0.5 pum.
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Work done during financial vear 2016-2017:

a) To investigate proton acceleration from magnetized overdense plasmas.

Huge magnetic fields of the order of 10°G are produced during the interaction of an intense
ultrashort laser pulse with a solid target [1-3]. These magnetic fields have more impact on the
high energy electron flow as they get nonlinearly saturated. Recently, the study of laser plasma
interactions in the presence of strong magnetic field has gained the interest of researchers.
Sharma et al. [4] have studied the generation of high energetic ions from an overdense plasma
target in the presence of an axial magnetic field. They have reported that the polarization of the
laser pulse has a remarkable effect on ion acceleration. Right circular polarization (RCP) and left
circular polarization (LCP) have different effects on ion acceleration in the presence of an axial
magnetic field as the plasma dielectric constant gets changed due to cyclotron effects, which in
turn enhances or reduces the ponderomotive force. They have also reported that the optimum
thickness of the foil is sensitive to the left and right circular polarization as well as the applied
axial magnetic field.

We have investigated the acceleration of protons from an overdense plasma target in the
presence of an axial magnetic field with the help of three dimensional (3D) particle-in-cell (PIC)
simulations using the code Picpsi-3D. The conclusions drawn are as follows:

1. The laser ponderomotive force gets enhanced by an axial magnetic field in the case of
RCP due to cyclotron effects and hence generates more energetic electrons which leave
the electron sheath and travel through the upstream plasma and on reaching the target rear
side accelerates protons via TNSA process. Whereas in the case of LCP the electrons get
more accumulated in the electron sheath which increases the radiation pressure and
accelerates protons more effectively to higher energies from target front side.

2. An axial magnetic field favours TNSA in the case of RCP. whereas protons arc
accelerated more effectively by the radiation pressure in case of LCP,
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The transverse motion of the protons gets reduced in the presence of an axial magnetic
field due to cyclotron effects.

4. The protons accelerated by the LCP laser pulse in the presence ol axial magnetic field
have highest collimation and hence a comparatively smaller spot size.

The maximum proton energy obtained is higher for LCP and lower for RCP in the
presence of an axial magnetic field as (,ompdrc,d to the energy obtained in the absence of
magnetic field.

n

6. The optimum thickness of the target at which the energy gain is maximum increases
slightly in the presence of an axial magnetic field both for RCP and LCP laser pulses.
However, the maximum C[]CI"}:,V obtained at optimum thickness is still higher lor LGP
laser pulse.
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b) To investigate the role of angle of incidence of a short pulse laser in magnetic field
generation from overdense plasmas.

The generation of high magnetic fields has been an active area of research since many years in
the field of laser plasma interactions [1-3]. The interaction of multiterawatt lasers with focused
intensities of the order of 10" W/em® and dense solid targets generates hot electrons, which
penetrate deeply into the target and excites return shielding currents. The hot electrons on
propagating through the overdense plasma makes the system unstable and results in the
gencration of a relativistic electromagnetic two-stream instability or more commonly known as
the Weibel instability [4], which is mostly responsible for the generation of quasi-static magnetic
fields. The other possible sources of magnetic field generation are the non-parallel temperature
and density gradients. Due to Weibel instability, the forward and return currents get separated,
which causes the generation of quasi-static ordered magnetic field configurations. This is
followed by the tearing and coalescence instabilities, which produce current channels and hence
filamentary magnetic field structures [5].

We have investigated the role of the angle of incidence of a short pulse laser on magnetic field
generation in overdense plasmas with the help of 3D-PIC simulations using the code Picpsi-3D.
The simulations have been done for three different angles of incidence. The formation of current



filaments as wel] as filamentary magnetic field structures have been observed. The conclusions
drawn are as follows:

L.

Lad

Huge magnetic fields of the order of =400 MG are generated when the laser is incident
normally on the target. The laser pulse gets focused Up 1o a xcry short length of 2 um
inside the target and the axial intensity rises Up to a maximum of =11 times tje
fundamental laser intensity.,

AL B = 30°, the laser pulse penetrates up to some distance inside the plasma and a part of
it gets reflected, whereas at = 60°, the penetration in plasma is much less and the laser
pulse as a whole gets reflected and propagates almost parallel to the surface through
vacuum.

The formation of density ripples are found to be more prominent at § = 60° due to
efficient vacuum heating, and the inter spacing distance coincides with the laser
wavelength (). = | pm). '
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Declaration by the PI and the head of the institution that the contents are original work
carried out under the supervision of the PI.

It is hereby solemnly and sincerely declared that, a project entitled “Study of the role of
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low-density plasma (ransport” funded by DAE-BRNS, with sanction No. 2012/34/61/BRNS
dated 1** March, 2013 has been carried out under the supervision of the PI and the contents are
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4. Consumables 40,000 29,551 40,000 69,551 10,886 58,665
5. Travel 50,000 12,444 50,000- 51,826 7,000 44,826
10,618=39,382*
6. Conlingencies 40,000 11,373 40,000 51,373 16,765 34,608
7. Overheads 21,150 3,225 21,150 24,375 13,219 11,156
8. Interest Earned 10,618 13,858 24,476 0 24,476
(2013-2014)
9. TOTAL: 3,43,150 3,20,789 3,46,390 6,67,179 2,57,370 4,09,809
3" Year (2015-2016)
1. Equipment 0 0 0 0 20,732 -20,732
2. StalT Salaries 0 2,36,078# 0 2,36,078 2,28,000 8,078
3 Techn, Asst. NIL
4. Consumables 0 58,665 0 58,665 43,922 14,743
5. Travel 0 44,826 0 44,826 20,076 24,750
6. Conlingencies 0 34,608 0 34,608 10,598 24,010
7. Overheads 0 11,156 0 11,156 0 11,156
8. Interest Earned 24,476 3,027 27,503 0 27,503
(2014-2015)
9. TOTAL : 4,09,809 3,027 4,12,836 3,23,328 89,508
4" Year (2016-2017)
I Equipment 0 -20,732 0 -20,732 0 -20,732
2. Staff Salaries 4,76,833 8,078 4,76,833 4,84 911 4,86,900 -1,989
3. Techn. Asst.
4. Consumables 40,000 14,743 40,000 54,743 54,708 15
5. Travel 50,000 24,750 50,000- 57,865 2,940 54,925
16,885=33,1 15%*
6. Contingencies 40,000 24,010 40,000 64,010 64,000 10
7 Overheads 31,950 1,156 31,950 43,106 29,344 13,762
8. Interest Earned 27,503 2,945 301,448 0 . 30,448
(2015-2016)
9. TOTAL : 6,38,783 89,508 6,24,843 7,014,351 6,37,892 76,459
GRAND 25,770,901 6,44,931 25,73,846 24,97,387

*Amount of interest adjusted from the “Travel” Head (Letter No. 2012/34/6 1I/BRNS/1973 dated 01/12/2014)

**Amount ol interest adjusted from the “Travel”

#Re-appropriation of Rs. 1,75,175/- from “Eyquipment™ head 1o ~Salary” head (Revalidauon Letter No. 2012/34/6 1/BRNS/11261 dated 30/11/2015).
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Head (Letter No. 2012/34/61-BRNS/34303 dated 05/10/2016)
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