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ABSTRACT 
The Kerr electro-optic field mapping technique has been used to study space charge effects 
in HV pulsed propylene carbonate (CIHa03) using stainless steel parallel-plane, aluminum 
blade-plane, and aluminum point-plane electrodes. Measurements presented here were taken 
using a circular polariscope with aligned polarizers at room temperature (T - 20 to 27°C). Av- 
erage peak space charge free electric field strengths were EO - 52 kVkm for the parallel-plane 
electrodes, Eo - 210 kV/cm at the blade electrode tip and Eo - 240 kVlcm at the point elec- 
trode tip. The measurement times ranged from 10 ps  to 1 ms. For the parallel-plane electrodes, 
the light intensity pictures were analyzed along a line between electrodes in the center of the 
electrode gap and for the blade-plane and point-plane electrodes the light intensity pictures 
were analyzed both from the tip of the blade and point, to the plane, and along the plane sur- 
face. From the light intensity distribution for the parallel-plane and blade-plane electrodes, 
the electric field and space charge density were calculated as a function of position and time. 
The calculated space charge distributions show both positive and negative charge injections 
from the electrodes as well as bulk charge dissociation and recombination. The light intensity 
was recorded on Polaroid film for the parallel-plane, blade-plane and point-plane electrode 
measurements and also with a CCD camera for the point-plane electrodes. A CCD camera was 
used for the point-plane electrodes to resolve more accurately the gray-scale light intensity 
distribution because of the short optical path length. All the HV Kerr electro-optic measure- 
ments showed significant space charge effects in propylene carbonate because the light inten- 
sity distributions differed significantly from the calculated Kerr effect patterns from numerical 
solutions to Laplace’s equation under space-charge free conditions. 

1 INTRODUCTION 
HE primary motivation of this paper is to investigate HV charge 
injection and transport phenomena using Kerr electro-optic mea- 

surements in point-plane electrode geometries. This geometry is often 
used in electrical breakdown studies, because the point electrode allows 
electric breakdown at modest voltages and localizes the breakdown 
streamer to initiate near the point. However, Kerr effect measurements 
typically require long optical path lengths through high field regions in 
order to have enough optical phase shift for measurement sensitivity 
Since the point-plane geometry has a short path region with high field, 
for reasonable measurement sensitivity a high Kerr constant dielectric 
is needed. In the past, researchers would use nitrobenzene because it 
has the highest Kerr constant, ( B  - 3x10-” m/V2), but because it 
is toxic we wanted to avoid using it. Propylene carbonate (C4Ha03) 
is non-toxic with a Kerr constant ( B  - 1.1~10-’~ m/VZ), close to ni- 

T . .  .’ 
trobenzene, which is why we chose it for our study. In addition, we 
found that it had very interesting bipolar space-charge distributions 
under pulsed HV, even at very early times 4 0 0  ~ L S .  Such space charge 
distributions will be very interesting for future theoretical studies of . 
bipolar charge transport analysis. 

In this work the Kerr electro-optical field mapping technique has 
been used to study space charge effects under HV pulsed conditions at 
room temperature (T - 20 to 27°C). However, propylene carbonate is 
also very polar (E, - 67) and therefore a good solvent for most plastic 
materials, and under dc electric fields it is reactive with many metals 
forming particle layers especially on the positive electrode [14]. Prob- 
lems with the formation of particle layers were reduced by using pulsed 
HV of short time duration, in the - 3 ms range for our experiments. 

In order to compare the space charge behavior in propylene car- 
bonate for different electrode geometries, the Kerr electro-optic field 
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mapping technique has been used to study space charge effects in HV 
pulsed propylene carbonate using stainless steel parallel-plane, alu- 
minum blade-plane, and aluminum point-plane electrode geometries. 
These electrode configurations represent non-uniform electric fields 
with respectively one-dimensional Cartesian, two-dimensional Carte- 
sian, and two-dimensional axisymmetric geometries. Along the optical 
path length for the parallel-plane and blade-plane geometries the elec- 
tric field is essentially constant in direction and.magnitude, allowing 
simple relations between the light intensity and the applied electric 
field [Xi]. For the point-plane geometry, the optical path length is 
much shorter and the electric field is changing in magnitude and di- 
rection along the entire light path Because the electric field direction 
varies along the light path, more complicated mathematics is necessary 
to relate the measured light intensity to electric field distributions [3, 
9-12]. The preliminary measurements presented in this paper can be 
used also in future work to verify the generalized Kerr effect mathe- 
matical formulation developed in [3,4,9-12,14,15] when the direction 
of the electric field varies along the light path. " 
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Figure 1. Typical measured pulse voltage waveforms for the 
parallel-plane electrode geometry with propylene carbonate; rise time 
t ,  - 0.1 ms, decay time t d  - 3.2 ms, and peak voltage Up - 13 kV 
(divider ratio 1:5068). 

2 EXPERIMENTAL APPARATUS 
The housing of the test cell was made of stainless steel with top and 

bottom made from DelrinTM because it was non-soluble in propyl~ne 
carbonate. The parallel-plate electrodes were made of stainless steel 
withgapspacingdp =2,5mmandelectrodelength L p  =115mm, width 
?up =25.2mm and thickness h p  =I25 mm. Becauseof the relativeshort 
electrode length, the total volume of the test cell was - 1000 ml. The 
blade-plane electrodes had a radius of curvature R, =1.0 mm, gap d~~ 
=1.9 p, and electrode length LBP =IO0 mm, while the point-plane 

electrodes had tip radius R, = l . O  mm and either gap d p p  4 . 0  mm, or 
d p P  =7.5 mm. 
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Figure 2. optical  measurement system with circular polariscope 
setup and trigger system for HV pulses applied to propylene carbon- 
ate. 

Before taking measurements the propylene carbonate was dehy- 
drated with both alumina-B and molecular sieves (3A). The initial con- 
ductivity was c - 2 x I P  S/m, and after dehydration it was mea- 
sured to be u- IxlOV5 S/m. Each series of measurements consists of 
a number of HV pulses applied to the test cell from a five-stage Marx 
impulse generator. The Marx generator is charged by a dc power sup- 
ply and is connected to the test cell through a series resistor to limit 
electrical breakdown currents [5-7]. Typically for the parallel-plane ge- 
ometry, the rise times are t ,  - 0.1 ms with decay times of t d  - 3.2 ms, 
and the peak voltages over the test cell were U, - 13 kV as shown in 
Figure 1. For the blade-plane and point-plane the typical rise times are 
t ,  - 70 /IS with decay times of t d  - 2 ms and the peak voltages over 
the test cell were Up - 20 kV for the blade-plane and U, - 41 kV for 
the point-plane electrode geometries. 

The optical system consisted of a pulsed'dye laser with wavelength 
X - 590 nm (rhodamine 6G dye), a beam expander to expand the beam 
to cover the whole electrode gap and two quarter-wave plates on each 
side of the test cell between two polarirers. A circular polariscope was 
used for all measurements to remove the electric field directional iso- 
clinic fringe lines, in order to have only the electric field magnitude de- 
pendent isochromatic lines. The laser was triggered with an increasing 
delay for each HV pulse and the light intensity was recorded on Polaroid 
film for the parallel-plane, bladeplane and point-plane electrodes and 
also with a CCD camera for the point-plane electrodes as shown in Fig- 
irre 2. A CCD camera was used for the point-plane electrodes to resolve 
the gray-scale light intensity distribution more accurately, because the 
short optical path length gave much smaller light phase shifts. 

Typical gray-scale resolution for digitizing Polaroid film data is 8 
bit (256 gray-scale levels) while the CCD camera has 16 bit resolution 
(65536 gay-scale levels). 

Measurements for parallel-plane electrodes were taken at room tem- 
perature I' - 20°C with average peak electric field strengths of Eo 
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- 52 kV/cm and for measurement times ranging from 10 ps to 1 ms. 
For blade-plane and point-plane electrodes measurements were taken 
at slightly elevated room temperature (T - 27°C) with calculated space 
charge free peak electric field strengths of - 210 kV/cm at the blade 
electrode tip for 20 kV peak voltage and - 240 kV/cm at the point elec- 
trode tip for 41 kV peak voltage, for times ranging from 10 to 400 ps. 

Figure 3. Parallel-plane light intensity measurements with circular 
polariscope, aligned polarizers, in propylene carbonate with pulsed 
HV, electrode gap d p  =2.5 m and length L P  =I15 m. In the left 
column the average peak electric field was Ea - 52 kV/cm, and in 
the right column the average peak electric field was Eo - 26 kVlcm. 
a: t = 66 us, Uu = 13.2 kV; 
C: t = 213 ps, (io = 12.6 kV; 
e: t = 517 {LS, Uo =~10.5 kV; I t  = 512 /LS, Uo = 6.0 kV; 
g: t = 71G ps, Uo = 9.9 kV; h t = 716 ps, (io = 5.9 kV; 
i: 1 = 909 ps, Uo = 9.3 kV; j: t = 912 ps, Uo = 5.2 kV. 

b t = 60 IJo = 6.3 kV; 
d: t = 215 ps, (io = 6.7 kV; 

3 KERR EFFECT RELATIONS 

Propylene carbonate when stressed witli HV is a strongly birefrin- 
gent liquid, which means that light polarized along the local electric 
field E travels at speed and light polarized perpendicular to the 10- 
cal electric field travels at speed el. The Kerr electro-optic effect then 
relates these different speeds as 

where co is the speed of light in free space, n 11 and 72.1 are the refrac- 
tive indices for light polarized parallel and perpendicular to the applied 
electric field, X is the free space wavelength, B is the Kerr constant and 
IEl/ is the magnitude of the electric field in the plane perpendicular to 
the direction of light propagation [3,10,12]. When the direction of ap- 
plied electric field is constant along the light path, the total phase shift 
for light propagating in the z-direction along a line Z can be written as  

(kll - ki) dz = 27iB ( E L ( z ) / ~  d i  (2) s L 

'Space Charge Effects in HVPulsed Propylene Carbonate 

where kll = 27inllY' and k l  = 27in,lX-' are the wave numbers 
for light propagating parallel and perpendicular to the applied electric 
field lE~1,  The phase shift in Equation (2) shows that circular polar- 
ized light when passing through an electrically stressed birefringent 
medium is converted into elliptically polarized light. There are several 
different optical setups to use when studying birefringent media [E, 12). 
A circular polariscope setup was used in this paper to analyze the light 
intensity changes with electric field. The light transmission intensity 
for the circular polariscope with aligned polarizers over an electriide 
length L when the direction of electric field is constant along the light 
path is 

where 
1 

E,  = ~ v5Bz (4) 

From Equations (3) and (4) it can be seen that an electric field of ntag- 
nitude E,  is required in order to see the first light intensity minima 
fringe and subsequent frimges occur for electrical fields 

where n is an odd inieger. 
E = fi E,, 11 = 1,3,5,  . . . 

4 PARALLEL-PLANE 

(5) 

ELECTRODE 
MEASUREMENTS 

The Kerr electro-optic measurements for the parallel-plane electrode 
configuration was recorded on Polaroid film as shown in Figure 3. Mea- 
sured light intensity images (a) to (j) are recorded at different instan- 
taneous times, t =60 to 912 ps, and different instantaneous voltages, 
Uo =13.2 to 8.5 kV and Uo =6.7 to 5.2 kV, for HV pulsed propylene 
carbonate at room temperature T - 20°C. The light intensity picthes 
were scanned into a computer and analyzed in MATLABTM alonga line 
between electrodes in the center of the parallel-plane electrode gap. 
Using Equation (3) the total phase shift A ~ . D  can be calculated from 
the light intensity For the parallel-plane electrode configuration using 
Equation (2) the total phase shift A + p  for the light can be expressed as 

assuming that the edge and end effects can be neglected and that the 
electric field magnitude 1EiI in the zy plane is constant along the z 
directed light path over the electrode length Lp .  From the total phase 
shift A+P, the electric field and space charge density distributions 
were calculated as a h c t i o n  of position and time. This was done by 
counting the fringes, light intensity minima and maxima, starting from 
a region with zero electric field. In order to h o w  if the next fringe 
represented an increasing or decreasing electric field the whole electric 
field in the electrode gap had to be integrated between electrodes and 
compared to the measured instantaneous applied voltage v(t). 

A$p zz 2 ~ B L p l E 1 1 ~  (6) 

.(t) = E ( z ,  t )  d2: (7) 7 0 

The charge density distributions q(z, t )  along the center l i e  in the 
parallel-plane gap are obtained from the one-dimensional Gauss law. 
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Figure 4. Calculated normalized electric fields (normalized with 
EO = v ( t ) / d p )  and space charge distributions (1D-Gauss law of 
Equation (8)) along the centerline between electrodes for the measure- 
ments in Figure 3. The left column represents measurements made 
with average peak electric field EO - 52 kV/cm and the right col- 
umn represents measurements made with average peak electric field 
Eo - 26 kV/cm. The gap coordinate z is measured from the positive 
electrode at z =O mm. 

In Figure 4, the calculated electric fields, normalized to the instanta- 
neous average electric field EO = u ( t ) / d p ,  and the calculated charge 
density distributions are shown for the parallel-plane gap. With this 
normalization the average non-dimensional electric field is unity The 
left colu&n in Figure 4 represents measurements made with average 
peak electric field EO - 52-kV/cm and the right column represents 
measurements made with average peak electric field EO - 26 kV/cm. 
From Equation (4) the magnitude E,, of the electric field required to 
see the first light intensity minima fringe, is calculated (in kV/cm) as 

yhich indicates that there should be a number of fringes visible even 
in ihe space charge free case. The gap coordinate z is measured from 
the positive electrode at z =O mm. 

-8 
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Figure 5. Charge density distributions, similar to those in Figure 4, 
used to calculate Kerr electro-optic fringe pattems for the parallel- 
plane type of electrodes. , .  

The space charge distributions for the higher average electric field 
in Figure 4 show both positive and negative charge injection from 
the electrodes as well as bulk charge dissociation. Charge injection 
causes homocharge distributions such that there is positive charge near 
the positive electrode and negative charge near the negative electrode 
which tends to decrease the magnitude of electric field near the elec- 
trodes. Charge dissociation causes heterocharge distributions as posi- 
tive charge is attracted to the negative electrode and negative charge is 
attracted to the positive electrode. This tends to increase the magnitude 
of electric field near the electrodes. Whether there is net homocharge 
or heterocharge near an electrode depends on the strength of charge 
injection compared to the dissociated charge densities of each carrier. 
Due to bipolar homocharge injection together with bipolar charge dis- 
sociation, the peak electric field in Figure 4 (left) was - 70 kV/cm at 
66 p s  located with the center slightly shifted towards the negative elec- 
trode. The minimum electric field was - 24 kV/cm at the negative 
electrode and - 31 kV/cm at the positive electrode. After - 1 ms the 
positive and negative charges almost completely recombine, resulting 
in essentially zero charge density throughout the gap. 

Figure 6. Calculated Kerr electro-optic fringe pattems, including 
fringing fields outside the electrode gap, for parallel-plane ektrodes 
and propylene carbonate for the charge density distributions in Fig- 
ure 5 starting 2.1 mm into the electrode gap from the left and right 
sides. The applied voltage was 10.5 kV across a 2.5 mm gap. 

For the lower average electric field in Figure 4, the movement of 
charges during the first 1 ms is much slower, resulting in a peak elec- 
tric field about 50% larger than the average electric field and located 
with the center shifted towards the negative electrode. These HV Kerr 
electro-optic measurements confirmed significant bipolar space charge 
effects and high mobility of charge in propylene carbonate at room tem- 
perature. 

In order to develop experience in relating typical charge density dis- 
tributions to their Kerr electroaptic light intensity distributions for the 
parallel-plane electrodes the 2D-FEM tool 'pdetool' was used in MAT- 
LAB to solve Poisson's equation [13]. For the parallel-plane electrodes 
representative charge density distributions shown in Figure 5, assum- 
ing an applied voltage of 10.5 kV across a 2.5 mm gap, were studied. 
The charge density distributions in Figure 5 were present only between 
the electrodes starting 2.1 mm into the gap from both the left and the 
right sides (electrode width was 25.2 mm). The light intensity dishi- 
bution in Equation (3) could then be found from calculating the elec- 
tric field E ( z ,  y), using Poisson's equation in the electrode gap and 
Laplace's equation outside the gap [12,14,15]. In Figure 6(a) the space 
charge distribution is zero in the gap, resulting in both approximately 
constant electric field and light intensity. For Figures 6@) to (d) there is 
a transition from a non-symmetric charge density distribution in (b) to 
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Figure 7. Blade-plane light intensity measurements with circular po- 
lariscope, aligned polarizers, in propylene carbonate with pulsed HV, 
electrode gap d a ~  =1.9 mm, radius of cuwature Rc =I mm and 
length LBP =lo0 mm. In the left column the electric field is higher 
than in the right column. a: t = 33 p s ,  Uu = 17.2 kV; 
b t = 49 ps, Uo = 8.5 kV; 
d: t = 113 ILS, Uo = 9.9 kV; e: t = 80 pa Uil = 18.6 kV; 
f: t = 213 L L S ,  Uo = 9.5 kV 

c: t = 62 ps,  Uo = 18.2 kV; 

symmetric charge density distributions in (c) and (d), with most of the 
charge close to the electrodes. 
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Figure 8. Normalized electric field (normalized to space charge free 
solution E N ( z ,  21)) and charge density distribution along the y=O 
centerline calculated from measurements in Figure 7 for the blade- 
plane electrode configuration. The gap position is measured from the 
positive blade electrode at x=O mm. 

5 BLADE-PLANE ELECTRODE 
MEASUREMENTS 

Kerr electro-optic measurements for the blade-plane electrode con- 
figuration were recorded on Polaroid film as shown in Figure 7. The 
light intensity measurements for each picture were analyzed along a 
vertical line from the tip of the blade positive electrode (z =0, y =0) 
to the plane negative electrode (z = d e p  =1.9 mm, 1~ =O),  where the 
electric field direction is known as z directed, and constant along the 
z directed light path. From the measured light intensity distributions, 

the electric field and space charge density were calculated as a func- 
tion of position :E and time in the same way as for the parallel-plane 
measurements, but with the total light phase shift A ~ R P  expressed as 

A ~ B P  E Z a B L u p l E ~ l ~  110) 

Figure 9. Calculated Kerr electro-optic fringe patterns for propylene 
carbonate with blade-plane electrodes with (a) zero charge density 
distribution and (bj -2  C/m3 around the tip, +3 Cim' above the 
ground plane and zero elsewhere. 

The calculated electric fields were normalized to the corresponding 
numerically calculated space charge free electric fields E,v(s; y)  at 
each ( : I : :  y) coordinate [13]. Thus, if the system was charge-free in Fig- 
ure 8, the non-dimensional electric field € / E N  would be unity [mer 
the whole gap. Deviations from unity indicate the presence of space 
charge. In Figure 7, the measurement voltage ranges from UO =17.2 to 
18.6 kV and from U, =8.5 to 9.9 kV with respective time ranges o f t  
=33 to 80 MS, and from t =49 to 219 ps. For the lower voltage rmge 
the calculated electric field in Figure 8, shows more influence of space 
charge than for the higher voltage range where the electric field has less 
change with time. The magnitude of charge is similar for both cases. 

Figure 10. A point-plane electrode configuration where the point is 
approximated with a hyperboloid of revolution. Radius of curvahtre 
is Rc, focal point x = a, and the tip of the point is situated at x = d 
above the plane. 

In order to develop experience in relating typical charge density 
distributions to their Kerr electro-optic light intensity distributions for 
blade-plane electrodes the 2D-FEM tool was used in MATLAB to solve 
Poisson's equation [13]. 

For the blade-plane the charge density distributions were taken to 
be non-zero only between the electrodes, in an approximate circle with 
T =2Rc around the tip with radius of curvature Rc and in an approx- 
imately d =Rc/Z thick layer above the ground plane. In Figure 9(a) 
the space charge distribution is zero in the gap and for Figure 9(b) the 
space charge is taken to be - 2  C/m3 around the tip, +3 C/m3 above 
the ground plane. and zero everywhere else. The applied voltage was 
taken to be 8.5 kV across a 2 nun gap and the results of Figure 90.) are 
similar to that measured in Figure 7. 
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Figure 11. Point-plane light intensity measurements with circular 
polariscope, aligned polarirers, in propylene carbonate with pulsed 
HV and radius of curvature for the point Rc =1.0 m. The series in 
the left column, recorded on Polaroid film have a tip to plane distance 
dPP =2.0 m and the series in the right column, recorded with a CCD 
camera have a tip to plane distance d p p  =7.S m. 
a: t = 114 us, Uo = 8.5 kV; b t = 19 us, Uo = 35.3 kV; 
C: t = 213 us, Un = 9.9 kV; 
e: t = 30G us, Uo = 9.5 kV; 

d t = 60 p s ,  Uo = 40.9 kV; 
f t = 84 p s ,  Uo = 40.9 kV. 

6 POINT-PLANE ELECTRODE 
MEASUREMENTS 

For the point-plane electrode configuration the point at voltage Uo 
and distance z = d = d p p  above the plane, was approximated as a 
hyperboloid of revolution with a radius of curvature Rc and a focal 
pomt at z = a above the plane as shown in Figure 10 [3,9,16]. 

Figure 12. Normalized total phase shift (normalized to space charge 
free solution A ~ P P  in Equations (14) and (IS)), calculated from Fig- 
ure 11 for the point-plane electrode configuration along the r=O cen- 
terline (upper) from the tip of the point to the plane and along the line 
x=O just above the plane (lower). 

From thkassumption the space charge free 2D-axisymmetric elec- 
tric field can be analytically calculated 13,161. The electric field compo- 
nent in the z direction can be expressed as 

and the electric field component in the I' direction can be expressed as 

where A is defined as 

and constants a and A are defined as 
A = (x2 + r2 + a')' - 4a2r2 (13) 

a = d- 
A = -  2L1, (14) 

111 [%] 
uzhere d = d P p  is the distance between tip and plane. In the point- 
plane electrode geometry, the electric field direction but not its magni- 
tude in the zr plane, perpendicular to light propagation, is constant 
along the (z = 0, r )  ground plane and along the symmetry line (z, 
r=O). The total phase shift A ~ P P ( : c  = 0: 1') along the ground plane 
in Figure 10 can then be calculated as 

and the total phase shift A ~ ~ P P ( T ,  T = 0) along the symmetry line in 
Figure 10 can be calculated as 

A4pp(z,1'=0) = ~ T B  E;(z ,r ' )dr  s o 

(16) 
where Ii is the complete elliptic function of the first !ad. 

Kerr electro-optic measurements were taken with the point-plane 
configuration, recording the light intensity both on Polaroid film and 
with a CCD camera. For the point-plane measurements in Figure 11, 
the light intensities were analyzed from the tip of the point positive 
electrode (z = d p p ,  r=O) to the plane negative electrode (z=O, r=O), 
as well as along the z=0 plane electrode. These two lines were cho- 
sen because the electric field direction is known to he z directed and 
constant along both of these lines. From the light intensity measure- 
ments, the total phase shift was calculated from Equation (3) and nor- 
malized to the space charge free case as described by A@PP(Z> 1') in 
Equations (15) and (16). With this normalization the non-dimensional 
A ~ / A ~ P P  would be unity along the gap and plane for the space 
charge free case. Deviations from unity in Figure 12 indicate the pres- 
ence of space charge. Even though the optical path length is rather short 
for the point-plane configuration, there is a clear first minimum and 
maximum in the light intensity for both sets of data in Figure 11. Both 
sets of data also differ significantly from the space charge free cases, 
especially along the ground plane, as shown in Figure 12. 
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Using a CCD camera gives accurate measurements of light intensity 
but the spatial resolution is less than with Polaroid film Increasing the 
gap distance, but with proportional increases in the applied voltage, 
results in comparable electric field strengths. For each measurement 
with the CCD camera a background measurement at zero applied volt- 
age was made to calculate Io(., 7 )  in Equation (3). The pulsed laser 
changed slightly frompulse to pulse, was very intense and had aGauss- 
ian intensity distribution, making it difficult to use the 16-bit depth of 
the CCD camera over the whole picture. Because of the non-uniform 
laser light there was a risk of saturating certain parts of the picture, 
limiting the dynamic range of the CCD camera. Potential improvements 
in future work lie in getting a more stable and more spatially uniform 
light sotuce. 

7 CONCLUSIONS 
HE HV Kerr electro-optic measurements reported in this paper con- T finned significant bipolar space charge effects and high mobility of 

charge in propylene carbonate at room temperature. Simple PD-FEM 
calculations also provide a powerful tool in understanding how dif- 
ferent space charge distributions generate different Kerr electro-optic 
fringe pattems. For verification the measured charge density distri- 
butions with parallel-plane electrodes were used to back calculate the 
electric field distributions through Gauss' law including 2D effects in 
the friigmg fields from which the Kerr electro-optic light intensity dis- 
tributions were calculated and seem to agree well with measurements. 
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