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Major Goals:  The bottleneck for exploring new cutting-edge research and broader applications, following the 
significant development of THz science and technology in the late 80’s, is the lack of bright, high performance, and 
cost effective THz sources. Our major goals is to develop a bright THz instrument at The Institute of Optics at the 
University of Rochester. This instrument provides intense THz pulses with ultra-high peak field for nonlinear THz-
matter interaction and spectroscopy.

Accomplishments:  One of our most significant achievements under this grant is the achievement of broadband 
THz wave emission from a thin water film due to short laser pulses excitation. THz wave generation from solids, 
gases, and plasmas have been demonstrated previously. However, THz wave generation from liquid materials, 
especially from a polar liquid such as water, has never been reported. For developing bright, high performance and 
cost effective THz sources, liquid water is a promising choice. As one of the common condensed matter, liquid 
water has higher molecular density than gas, which could provide a plasma with higher density than one formed 
from a gas. Additionally, because each laser pulse interacts with a new section of water film, there is no theoretical 
upper damage threshold as there is in solid crystals. Our results have been published in Applied Physics Letters in 
August 2017. Our discovery has been highlighted by the American Physics Society’s SciLight, Phys.org, Laser 
Focus World, Photonics Media, and many other public presses.

According to our experimental results, the THz radiation from liquid water shows distinct characteristics as 
compared to the THz radiation from air plasmas with single color optical excitation. First, the THz field is maximized 
with longer laser pulse durations. In addition, the p-polarized component of the emitted THz waves will be 
influenced by the polarization of the optical excitation beam. It is also shown that the energy of the THz radiation is 
linearly dependent on the excitation pulse energy. Additionally, to control the thickness and stability of the water 
film, a water control system has been designed and constructed. (See details in the uploaded file.)
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Abstract:  One  of  our  most  significant  achievements  under  this  grant  is  the  achievement  of  broadband  THz  
wave  emission  from  a  thin  water  film  due  to  short  laser  pulses  excitation.  THz  wave  generation  from  solids,  
gases,   and   plasmas   have   been   demonstrated   previously.   However,   THz   wave   generation   from   liquid  
materials,  especially  from  a  polar  liquid  such  as  water,  has  never  been  reported.  For  developing  bright,  high  
performance  and  cost  effective  THz  sources,   liquid  water   is  a  promising  choice.  As  one  of   the  common  
condensed  matter,  liquid  water  has  higher  molecular  density  than  gas,  which  could  provide  a  plasma  with  
higher  density  than  one  formed  from  a  gas.  Additionally,  because  each  laser  pulse   interacts  with  a  new  
section  of  water  film,  there  is  no  theoretical  upper  damage  threshold  as  there  is  in  solid  crystals.  Our  results  
have  been  published  in  Applied  Physics  Letters  in  August  2017.  Our  discovery  has  been  highlighted  by  the  
American  Physics   Society’s   SciLight,   Phys.org,   Laser   Focus  World,   Photonics  Media,   and  many   other  
public  presses.  

According  to  our  experimental  results,  the  THz  radiation  from  liquid  water  shows  distinct  characteristics  as  
compared  to  the  THz  radiation  from  air  plasmas  with  single  color  optical  excitation.  First,  the  THz  field  is  
maximized  with   longer   laser  pulse  durations.   In  addition,   the  p-­polarized  component  of   the  emitted  THz  
waves  will  be  influenced  by  the  polarization  of  the  optical  excitation  beam.  It  is  also  shown  that  the  energy  
of   the   THz   radiation   is   linearly   dependent   on   the   excitation   pulse   energy.   Additionally,   to   control   the  
thickness  and  stability  of  the  water  film,  a  water  control  system  has  been  designed  and  constructed.    
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sliced   broadband   continuum   for   wireless   data   transfer   with   CdSe-­CdS   modulator,   2016   41st  
International  Conference  on  Infrared,  Millimeter,  and  Terahertz  waves  (IRMMW-­THz),  2016,  pp.  1-­
2.  
  

c.  Honor  and  Awards  

2016-­18   X.-­C.  Zhang,  Scientific  Advisor,  Capital  Normal  University  of  Beijing,  China  
2017   Kang  Liu,  Rochester  Precision  Optics  Award  for  Outstanding  Graduate  Projects  
2017   X.-­C.  Zhang,  Australian  Academy  of  Science  Selby  Fellow,  Australia  
2016   Fabrizio  Buccheri,  Rochester  Precision  Optics  Award  for  Outstanding  Graduate  Projects  

2.   Personnel  Metrics  
  Please  complete  the  below  tables,  providing  the  information  for  this  reporting  period  only.  Add  rows  as  
needed.  

  

1.   Graduate  Students  
Name   Discipline   Percent  

Supported  
Kang  Liu   Optics   0%  
Qi  Jin   Optics   0%  
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2.   Post  Doctorates  

Name   Percent  
Supported  

Yiwen  E   0%  
Rui  Wang   0%  
  

3.   Faculty  
Name   National  Academy  

Member  
Percent  Supported  

Xi-­Cheng  Zhang      0%  
  

4.   Undergraduate  Students  
Name   Discipline   Percent  

Supported  
Kaia  Williams   Optics   0%  
     

  
5.     Other  Staff  

Name   Percent  
Supported  

None     
     
  
  

3.   Graduating  Undergraduate  Metrics  
Please  provide  a  count  for  each  category  below  for  Graduating  Undergraduates  that  were  funded  by  
this  project  and  graduated  during  this  reporting  period.  

Category   Number  of  
Undergraduates  

Number  who  graduated  during  this  period   0  

Number  who  graduated  during  this  period  with  a  degree  in  science,  
mathematics,  engineering  or  technology  fields  

0  

Number  who  graduated  during  this  period  and  will  continue  to  pursue  a  graduate  
of  Ph.D.  in  science,  math,  engineering,  or  technology  fields  

0  

Number  who  achieved  a  3.5  GPA  to  4.0  (4.0  max  scale)   0  

Number  funded  by  a  DoD  Funded  Center  of  Excellence  grant  for  Education,  
Research  and  Engineering  

0  

Number  who  intend  to  work  for  the  Department  of  Defense   0  

Number  who  will  receive  scholarships  or  fellowships  for  further  studies  in  
science,  math,  engineering,  or  technology  fields  

0  
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4.   Masters  Degrees  Awarded  
Please  complete  the  following  table,  adding  rows  as  necessary.  

Name   Discipline  
N/A     

5.   Ph.Ds  Awarded  
Please  complete  the  following  table,  adding  rows  as  necessary.  

Name   Discipline  
Xuan	
  Sun   Optics	
    
Fabrizio	
  Buccheri   Optics	
    
  

6.   Technology  Transfer  
No  technology  transfer  for  this  reporting  period.  
  

7.   Scientific  Progress  and  Accomplishments  
(1)   Observation  of  broadband  THz  generation  in  liquid  water    
We  experimentally  demonstrate  the  generation  of  broadband  THz  waves  from  liquid  water  excited  by  

femtosecond  laser  pulses.  A  typical  THz  time-­domain  spectroscopy  (THz-­TDS)  is  applied  to  generate  and  
detect  our  THz  signals  from  liquid  water.  An  amplifier  laser  with  800  nm  wavelength,  1  kHz  repetition  rate  
and  50  fs  pulse  duration  is  used.  A  gravity-­driven  wire-­guided  free-­flowing  water  film  acts  as  the  emitter  for  
the  THz  field.  The  thickness  of  the  water  film  can  be  adjusted  by  throttling  the  flow  rate  of  the  water  to  the  
wireguide.  The  thickness  is  measured  and  calibrated  using  an  optical  intensity  autocorrelation  system  and  
is  170  μm.  The  laser  beam  is  focused  into  the  water  film  using  a  1-­inch  focal  length  parabolic  mirror.  

  

  
FIG.   1.  Measurements   of   the   THz   fields   when   the   water   film   is   translated   along   the   direction   of   laser  
propagation.  (a)  THz  waveforms  are  plotted  from  curves  A–C  when  the  water  film  is  before,  near,  and  after  
the   focus,   respectively.   (b)   THz   waveforms   when   the   water   film   is   moved   near   the   focal   point.   (c)  
Comparison  between  the  THz  field  from  water  and  that  from  air  plasma  in  the  frequency  domain.  
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By  scanning  the  water  film  along  the  optical  axis,  THz  radiation  from  different  sources  can  be  clearly  
differentiated.  The  timing  distinctions  in  the  waveforms  in  Fig.  1(a)  are  of  different  generation  sources.  A  
time  delay  is  observed  from  the  THz  waveform  from  liquid  water  compared  with  other  generations.  Figure  
1(b)  shows  the  measurements  of  THz  waveforms  as  the  water  film  is  tracked  along  the  direction  of  laser  
propagation  marking  a  relative  position  across  -­60  µm  to  +60  µm.  The  measurement  shows  that  the  emitted  
THz   waves   are   significantly   sensitive   to   the   relative   position   between   the   water   film   and   the   focus.   A  
comparison   of   the   THz   waveforms   from   liquid   water   and   air   plasma   is   shown   in   Fig.   1(a).   In   this  
measurement,  the  THz  field  from  the  water  film  is  1.8  times  stronger  than  that  from  the  air  plasma.  The  
corresponding  comparison  in  the  frequency  domain  is  shown  in  Fig.  1(c).  The  measured  bandwidth  can  be  
limited  by  the  stretch  of  the  probe  laser  pulses.  The  measured  THz  radiation  from  the  water  has  more  low-­
frequency  and  less  high-­frequency  components.    
  

  
FIG.  2.  (a)  Normalized  THz  energy  from  liquid  water  and  air  plasma  with  different  pulse  durations  of  the  
laser   beam.   (b)   The   energy   of   P-­polarized   THz   field   from   liquid   water   with   different   linearly   optical  
polarization.  (c)  Normalized  THz  energy  from  liquid  water  as  a  function  of  incident  optical  pulse  energy.    
  

  
FIG.  3.  THz  signal  with  the  thickness  of  water  film.  Refractive  index  and  absorption  coefficient  of  THz  

wave  in  water  can  be  fitted  out.    
  

Compared  with  THz   radiation  generated   from  air  plasma,   the  THz   radiation   from   liquid  water  has  a  
distinct   response   to  various  optical  pulse  durations  and  shows   linear  energy  dependence  upon   incident  
laser  pulses.  Fig.  2(a)  shows  normalized  THz  energy   from  water  and  air  plasma  versus  various  optical  
pulse  durations.  The  optical  pulse  duration  is  at  its  minimum  of  58  fs  when  no  chirp  is  applied.  It  can  be  
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observed  that  unlike  the  THz  radiation  from  air  plasma,  where  the  signal  is  maximized  at  a  minimum  pulse  
duration  with  no  additional  chirp,  liquid  water  generates  a  maximum  field  at  longer  pulse  durations.  With  a  
longer  pulse  duration,  cascade   ionization  dominates   the  process   leading  an  exponential   increase   in   the  
number  of  electrons.  The  THz  radiation  from  liquid  water  may  benefit  from  higher  density  of  electrons  in  the  
water.  Fig.  2(b)   is  shown   that  strong  THz   radiation   is  achieved  with  a  p-­polarized   (0°  and  180°)  optical  
beam,  while  an  s-­polarized  (90°)  optical  beam  offers  sparse  contribution.  This  result  goes  against  the  case  
of  single  color  air  plasma  THz  generation,  in  which  the  ponderomotive  force  is  dominantly  involved.  It   is  
well  known  that  the  THz  radiation  from  air  plasma  with  single  color  optical  excitation  does  not  depend  upon  
the  polarization  of  the  optical  beam,  which  means  the  THz  radiation  energy  will  keep  constant  with  various  
optical  polarizations.  Furthermore,  a  linear  energy  dependence  observed  in  Fig.  2(c)  is  different  from  the  
quadratic  relation  of  the  single-­color  air  plasma  THz  generation.  

Fig.  3  shows  the  dependence  between  THz  signal  and  the  thickness  of  water  film.  The  different  colors  
indicate  different  thicknesses.  Obviously,  a  thinner  film  will  generate  a  stronger  THz  signal.  By  increasing  
the  thickness  from  130  µm  to  230  µm,  the  peak  shifts  in  time  domain  and  amplitude  decreases.  From  this  
data,  the  index  and  absorption  coefficient  THz  radiation  in  water  can  be  determined,  and  are  2.29  and  146.2  
cm-­1,  respectively.  The  results  are  close  to  the  measurement  results  for  0.5  THz,  which  is  also  the  central  
frequency  of  our  signal.  

Our  first  paper  is  published  in  August  in  the  journal  Applied  Physics  Letters.  Additionally,  when  the  PI  
submitted   the   abstract   to   IRMMW-­THz   annual   meeting,   within   2   minutes,   the   PI   got   a   reply   from   the  
conference  chair  to  congratulate  our  achievement,  and  5  congratulations  from  4  countries  in  two  days  (they  
might   be   the   paper   evaluators).   Now   we   have   received   7   plenary   and   invited   talks   at   international  
conferences.  
  

(2)   Water  film  control  system  and  film  thickness  measurement  
  

  
  

FIG.  4.  Water  film  holder  and  thickness  control  system  
  

Fig.   4   shows   our   self-­designed   water   film   holder   and   thickness   control   system.   From   our   previous  
experimental  results,  we  know  that  the  THz  signal  is  very  sensitive  to  the  thickness  of  the  water  film  and  
the  relative  position  between  the  laser  focus  and  water  film.  Precisely  controlling  the  thickness  and  stability  
of  the  water  film  is  another  key  issue  in  this  study.  Fig.  4  (a)  shows  our  water  film  holder,  in  which  two  metal  
wires  are  used  to  guide  the  water  flow.  By  controlling  the  flow  rate,  it  can  make  a  thin  film  with  the  thickness  
ranging  from  50  µm  to  350  µm.  The  flow  velocity  is  sensitive  to  the  water  level  in  the  reservoir,  so  we  add  
a  liquid  level  switch  on  the  top  of  the  reservoir  shown  in  Fig  4  (b),  which  connects  with  a  liquid  pump  to  
keep  the  water  always  in  the  same  level.  Additionally,  a  flow  meter  is  used  to  measure  and  control  the  flow  
velocity.    
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FIG.  5.  (a)  Autocorrelation  results  for  air  and  water  films  with  different  thicknesses.  (b)  The  calculated  

relation  between  thickness  and  flow  rate  from  the  results  of  (a).  
  

To  measure  the  thickness  of  the  water  film,  an  autocorrelation  system  is  used.  Fig.  5  shows  the  results.  
The   signal   from   ambient   air   is   used   as   the   reference.   When   a   water   film   is   put   in   one   beam   of   the  
autocorrelation  system,  the  signal  sees  a  shift  that  increases  with  increased  water  film  thickness.  We  can  
then  build  a  linear  relation  shown  in  Fig.  5(b)  between  the  thickness  and  the  flow  rate.    

  
  

    
 

  




