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Direct vs. Indirect Plasma Direct/Jet in one setup

Continuous (sinusoidal)
Rise time: ~1 V / nsec

Sinusoidal wave
Filament temperature:

350-450K

Micro second-pulsed
Rise time: ~5 V / nsec

Pulse duration: ~2 µsec
Filament temperature:

320-420K

Nanosecond-pulsed
Rise time: ~3,000 V / nsec
Pulse duration: ~40 nsec
Rotational temperature:

~300K

Microsecond pulse
(photo through water electrode )

Continuous wave
(photo through water electrode)

Nanosecond pulse
(single plasma pulse on color photo film)

Original 
concentration

[10^9/ml]

10X dilution
[10^8/ml]

100X dilution
[10^7/ml]

850 22 2

Direct Plasma: ~7-log reduction in 5 seconds
Microorganisms: Streptococci, Staphylococci, Yeast

5 seconds of direct plasma:
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Floating Electrode

DBD Plasma

Load

10-30 kHz
10-30 kV
0.5-5mm gap
0.1-10 cm2 electrode
~1 W/cm 2 plasma power

Floating Electrode DBD

Emission from DBD plasma over the 
cell surface in UV range

Original 
Concentration

5 sec of
FE-DBD

10 sec of
FE-DBD

15 sec of
FE-DBD

109 cfu 850±183 9 ±3 4 ±4

108 cfu 22±5 5 ±5 0 ±0

107 cfu 6 ±6 0 ±0 0 ±0

Using a blower to shift 
sterilization region does 
not affect plasma and 
shows little effect of the 
afterglow: 15 seconds of 
treatment with (a) blower 
off and (b) blower on (air 
flows up).

Direct vs. Indirect Plasma
Traditional medical plasmas:
1. Direct thermal arc
2. Plasma afterglow jet

FE-DBD: Non-thermal plasma 
in direct contact with tissue.

plasma

Air flow

Mesh is removed away from cells;

Air flow

plasma

Air flow Air flow

Direct Plasma Indirect Plasma Jet

Direct, 5 sec 10 sec 15 sec Jet, 30 sec 120 sec

Jet, 120 seconds

Direct, 5 seconds

Direct, 15 seconds

CONCLUSION: Direct plasma treatment, where charged 
species come in contact with the surface being treated 
is far more advantageous over indirect treatment.

Sterilization Quantification

CONCLUSION: Whatever plasma is producing decays 
rapidly outside of plasma �� plasma jet is unable to 
sterilize as efficiently as direct plasma.

Air flow; v ~ 8m/sec

1. DNA damage
2. Cell wall fracture

Charged Species (ions and electrons) stimulating 
oxidation.
1. Ion Catalysis
2. Ion Bombardment
3. Collective E-fields

Global effects of: a) E-field; b) Temperature
1. Electroporation
2. Surface heating (cooking)

a) Long-lived (O3, NO�á�������t�á�����t���t�á���å���â
b) Short -lived (OH, O,  electronically 

excited O(1D), O2(1�� �‰���á���å��
1. Tissue regeneration;
2. Natural signal stimulation

(Calcium channel opening,
Growth factor stimulation);

3. ���š�‹�†�ƒ�–�‹�‘�•�â���å

Ultraviolet (UV) Radiation Effect

Global [applied] Effects

Effect of Neutral Species

Charged Species (Ions and Electrons)

VUV110-200 nm, UVC200-290 nm, UVB,A - 290-380 nm

Inactivation Mechanisms

���“�—�‡�‘�—�•���‡�Ž�‡�…�–�”�‘�•�•���‘�š�‹�†�‹�œ�‡���’�Š�‘�•�’�Š�‘�Ž�‹�’�‹�†�•���–�Š�”�‘�—�‰�Š���	�‡�•�–�‘�•�ï�•��
reaction and other mechanisms
1. e-

(H2O) + O2(H2O) �ÆO2
-
(H2O)

2. Creation of H2O2 [very fast in the presence of an enzyme
Superoxidedismutase(SOD)]
2H+ + 2O2

- �ÆH2O2 + O2 (dismutation rxn)
3. Stimulated dissociation of H2O2

Fe2+ + H2O2 �ÆFe3+ + OH + OH- ���	�‡�•�–�‘�•�ï�•���”�‡�ƒ�…�–�‹�‘�•�á���ˆ�‘�”���‡�š�ƒ�•�’�Ž�‡��
4. Phospholipid peroxidation

RH + OH �ÆH2O + R* + O2 �ÆRO2 + RH �ÆRO2H + R*

RO2H �ÆRO2
- + H+

Field needed to destroy:
Chemical bond ~3V/3Å = 
108 V/cm,
Hydrogen bond ~107

V/cm, and
Van der Waals bond ~106

V/cm.
~ 1 Volt applied across a 
cell membrane (~ 3 nm 
thick) is able to  
depolarize and break it ��
field needed for that is 
~1V/3nm = 3·106 V/cm .
E-field at the head of the 
streamer:

Plasma-tissue Interaction
Timeline of microdischargeinitiation 
stage. Processes shown are avalanche 
development triggered by occasional 
primary electron and transition of 
avalanche to streamer.

Ion energy in this plasma can be quite high or ~ 
1/10 th of �B(e) �Î �B(i,max) ~ 05-0.7 eV��
inactivation by ion bombardment is possible.

1-D filament interaction analysis: 

Remove radial distortion, remove
global noise, extract strips
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SKH1 hairless mice: 
Differential toxicity escalation

No treatment

5 minutes @ 0.3W/cm 2:
No burn

5 minutes @ 1W/cm 2:
Partial thickness burn

5 minutes @ 1.4W/cm 2:
Full thickness burn

1. Safe and effective zones exist but 
toxicity is possibleat higher dosage.

2. Animals survive the operation and 
stay healthy long after treatment
(as observed for 2 weeks).

Skin is sterilized in seconds (<10 sec),
mouse is fine up to 10 minutes of plasma.

No Tissue Damage

1. Cell wall fracture;
2. Natural signal stimulation (Calcium channel 

opening, Growth factor stimulation);
3. ���Ž�–�‡�”���’�”�‘�–�‡�‹�•���•�–�”�—�…�–�—�”�‡���ƒ�•�†���‡�•�œ�›�•�ƒ�–�‹�…���ƒ�…�–�‹�˜�‹�–�›�â���å

1/100 sec, N2, 3 slpm 1/100 sec, N2, 1 slpm

Plasma uniformity and filament temperature 
importance �� more uniformity is better

before
plasma

after
plasma

complete
disintegration

cell wall fracture
and leakage

B. Subtilus: 120 seconds of DBD: 100% destruction (5-log)

Microsecond pulse
(single plasma pulse on b/w photo film)

Microsecond pulse
(single plasma pulse on color photo film)


