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The interaction between CO, laser and polyformaldehyde (POM) is quite important in the research of laser irradiation effects
and mechanisms. At this time, the accuracy of the existing mass-ablation models for POM irradiated by CO, laser is poor
compared with the experimental data. Based on the energy distribution deposited in the POM target, the active area excited by
laser is divided into four slices, the ablation slice (the temperature-rising slice, the perturbation slice, and the undisturbed slice),
and a slicing response model for the mass ablation of POM induced by pulsed CO, laser irradiation in vacuum is developed. A
formula is deduced to predict the ablated mass areal density from the model and is verified with data from several studies and
our own experiments. The results show that our model fits the experimental data quite well before the shielding effect of abla-
tion products becomes notable. The applicability of the model to other materials and the mass ablation in atmosphere are also

briefly explored.
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1 Introduction

Since the 1980s, polyformaldehyde (POM) has been widely
studied as a laser propulsion propellant paired with CO,
laser radiation [1,2]. Much recent work in the fields of laser
machining [3] have also covered the subject of POM abla-
tion by CO, laser. However, the ablation mechanism of
POM irradiated by pulsed CO, laser is extremely complex
[4], and efforts are still being made to find a model for pro-
pulsion performance prediction that is both simple and more
applicable.

Sinko, Gregory, Phipps et al. [5,6] have presented two
phenomenological models for laser-ablation mass removal
of POM. These photochemical (1) and photothermal (2)
models can be expressed as
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where p is density; C, is the heat capacity at constant pres-
sure; a is the absorption coefficient; @ is the laser fluence;
@y, is the threshold fluence for ablation; 7 is the laser-pulse
time length; D is the thermal diffusion coefficient; and Ty, is
the boiling point. However, the results of eqs. (1) and (2)
are quite different from the experimental data provided by
Schall [7], Watanabe [8] and Sinko [9]. It is speculated that
the ablation-surface movement may have a significant effect
on the ablation process [10,11], especially when the laser
fluence is extremely intense. This is the point that is ignored
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in both the above mentioned models. Moreover, the photo-
chemical model requires the photon energy and the chemi-
cal bond energy to be equivalent and for the photon energy
of CO, laser is only about 1/32 of the bond energy of
POM(-C-O-). Therefore, the photothermal mechanism is a
more reasonable ablation mechanism for the description of
the ablation of POM.

In this paper, our efforts are mainly focused on the cor-
rection of the physical model for the ablation mass removal
of POM irradiated by CO, laser. A slicing response model
with modified threshold fluence as slicing ablation criterion
is proposed to describe the laser-induced mass removal
process. We also performed experiments on the ablation of
POM irradiated by high-fluence CO, laser to verify the va-
lidity of the corrected model. To avoid the complex cases of
ablation in an ambient atmosphere, the model and experi-
ments were all carried out in vacuum, which is also our ap-
plication aim.

2 Mass removal model of POM ablation

A schematic of the laser-induced ablation process of POM
is shown in Figure 1. We begin our discussion of the abla-
tion model with the propagation of a laser beam in solid
POM, which is governed by the Bouguer-Lambert-Beer
absorption law:

I =1,exp(-ax), 3)

where « is the absorption coefficient; /;is the incident laser
intensity; and x is the distance to the ablation surface. As the
laser energy deposited in the POM increases, the tempera-
ture rises rapidly and a layer is ready to ablate (Figure 1(b)).
When the fluence is greater than the ablation threshold, the
ablation is initiated and the resultant ablation product is
emitted outward (Figure 1(c)). During emission, the abla-
tion product interacts with the incident laser beam (Figure
1(d)). When the laser intensity is large enough, the product
becomes ionized and damps the incoming laser beam that
finally arrives at the ablation surface.

2.1 Slicing-response model

Based on the above analysis, we envisioned a slicing- re-
sponse model for the ablation of POM. It consists of four
slices: the ablation slice, the temperature-rising slice, the
perturbation slice, and the undisturbed slice (Figure 2). The
ablation slice denotes the region that is going to ablate; the
temperature-rising slice is the one beneath the ablation slice,
in which the temperature is obviously higher than the am-
bient temperature; the perturbation slice is defined as the
area in which the state parameters are slightly changed by
the thermo-mechanic disturbance; and the undisturbed slice
is the layer that retains the initial state. In order to illustrate
the function of each slice, the thickness is defined as 1/«,
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Figure 1 Schematic diagram of laser-induced ablation of POM.
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Figure 2 Schematic diagram of the slicing-response model.

which is also convenient for mathematical treatment. Based
on the definition and according to eq. (3), (1-1/e) = 63.2%
of the incident laser energy is deposited in the ablation slice;
(1/e—1/€*)=23.3% is deposited in the temperature rising slice;
(1/e*~1/¢)=8.6% is deposited in the perturbation slice, and
(1/e*~1/eM=3.1% is deposited in the undisturbed slice. It is
obvious that the distribution proportion of the laser energy
deposited in the different slices is consistent with the defini-
tion of each slice. The ablation process can be expressed as
follows.

2.1.1 Initial Ablation

When the cumulative laser energy per unit area of the irra-
diated POM surface reaches the ablation criterion for the
whole slice @, (the @, will be discussed in detail in Section
2.2), the ablation slice breaks off instantaneously. Counting
from the beginning of irradiation, the initial ablation will
need a time of

5=2,/1,. 4
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Meanwhile, the temperature-rising slice continues to be
heated.

2.1.2 Continued ablation

After the ablation slice has been ablated, the resultant tem-
perature-rising slice becomes the new ablation slice. Be-
cause the new slice has already absorbed some energy,
about @, /e, e is the Euler's number and the irradiation time
needed for ablation is

D
ool e

where, 7y=1; is defined as the reference time for ablation.
Similarly, the irradiation time needed for ablation of the
third ablation slice is

73:(1—l+i2j70. (6)

e e

The irradiation time needed for ablation of the n™ abla-
tion slice is

Tn:|:1—l+i2+"’+(_,1): :|TO. (7)

e e e

The total irradiation time ®, for ablation of all the n slic-
es is
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Then, we may calculate the ablated mass areal density as
follows

n :g{n+[(r—®" )]0, <r<0,,. O

The average velocity of the surface ablation progression
is

U,=n/a®,. (10)
When n>1;
0, =)r1~ niro,
= 1+e
U, =(1+e)/aez,, (11)
_etlpt
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2.2 Slicing-ablation criterion

Because we have used the slicing-response assumption in
this model, a slicing-ablation criterion is needed to make the
model self-consistent. We denote this value as @, to repre-
sent the laser fluence needed for the ablation of a slice with
a depth of 1/a. Firstly, let us focus on the energy balance of
the infinitesimal layer beneath the ablation surface (Figure
3(a)).

The energy deposited in the layer is utilized for tempera-
ture rising, fusion, and decomposition. When the laser flu-
ence reaches the ablation threshold @y, the energy conser-
vation relationship is of the form

(1-R)[ @, - ®, exp(-aAr)]
= pAx(C, AT, +L, +L,), (12)

where AT, is the difference between the initial and the va-
porization temperature of POM; L,, is the latent heat of fu-
sion; L, is the heat of decomposition; and R is the reflectiv-
ity. In eq. (12) we have neglected the effect of thermal con-
duction, because the thermal conductivity of POM is just
about 0.25 W/(m-K)[9]. Thus we can get

@, =—L—(C AT, +L,+L,), Ax—0. (13)

" a(l-R)
We assume that the ablation depth # is directly propor-

tional to the laser-fluence difference (@-@y,). Thus, as
shown in Figure 3(b), we have

D, + &, =20,

cr?

(14)

where @, is the laser fluence that corresponds to the abla-
tion depth of 2/« and can be expressed as

1
@, =(7,+1,)1, :(2—-)@. (15)
e
Therefore, @,; is of the form:

e
D =ed, :ﬁ<Cp-ATg +L,+L).  (16)

3 Experimental

The schematic diagram of experimental setup is shown in
Figure 4. The experiments were carried out in a vacuum
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Figure 3 Schematic diagram for theanalysis of @,.
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Figure 4 Schematic diagram of experimental setup.

chamber with a background pressure of about 10™" mbar. A
transversely excited atmospheric CO, laser (HUST, Wuhan)
was used for this investigation. The wavelength and pulse
time width were 10.6 pm and 5 ps, respectively. The laser
beam was guided into the chamber through a ZnSe window
and small parts were coupled out by a splitter mirror for
integral pulse-energy monitoring. The majority of the trans-
mitted beam was focused using an off-axis parabolic mirror
and different intensities were obtained by adjusting the dis-
tance between POM target and the off-axis parabolic mirror.
The laser pulse energy is monitored with a Scientech Astral
380802 calorimetric power/energy meter (Germany) wuth a
fixed calibration factor. The ablation mass removal was
measured using an electronic balance with a precision of
0.01 mg. The investigated fluence varied between 30 and
200 J/em’.

The target is a 2 mm thick white POM foil (Dupont,
Germany). The material parameters are given in Table 1.

4 Results and discussion

Our experimental and calculated data of ablated mass areal
density are shown in Figure 5, which includes plots of the
experimental results from AVCO Everett research lab
(AVCO) [14], Nagoya University (NU) [6,15] and Tohoku
University (TU) [8]. It can be seen that the calculated data
agree well with the experimental data for the fluences from
about 0.7 J/cm?® until about 35 J/cmz, after which the devia-
tions become obvious. It is believed that the ablation prod-
ucts began to damp the incident beam seriously when the
fluence was larger than 35 Jem? [9], because the ablation
products were obviously ionized into plasma, and the plas-
ma is a good absorber of the incident laser. According to eq.
(13), the calculated ablation threshold (0.70 J/cm?) is
slightly larger than the experimental value (0.51 J/cm®) [6];
therefore, the calculated results are slightly smaller. In

Table 1 Main material parameters of POM [12,13]
pkg/m®) C,(JkgK) am’) T,(K) L,J/kg)
1420 1500 6.74x10° 642 2.0x10°

L.(J/kg)
2.17x10°
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Figure 5, the dashed line and dash-dotted line denote the
predictions of photochemical (eq. (1)) and photothermal (eq.
(2)) models, respectively. Compared with these two models,
the slicing-response ablation model we have developed can
give more-satisfying predictions.

Although the slicing-response ablation model was de-
veloped for POM, it is expected to apply to other materials
as well. Figure 6 shows the plots of the ablated mass areal
density versus laser fluences for C, PI, and PS [17-19]. The
data for C was obtained in vacuum; the data for PI and PS
were obtained in the atmosphere of 1 atm. Because new
energy sources such as oxidation and combustion appear in
atmosphere, we used the actual measured value of @, in our
calculations for PI and PS. The @&, of PI and PS are 0.09
J/em? [18] and 3.8 Jem? [19] respectively. Other parameters
are listed in Table 2. Our model can properly describe the
variation tendency of . As for C, due to its extremely high
boiling point, the conspicuous shielding effect turns up
when @>8 J/cm®. It is noticeable that the outcome of eq.
(13) is much larger than the experimental value [20], which
will limit the applicability when the fluence is close to the
@y,. It is noteworthy that the slicing response ablation model
fits the PI data better than the PS data; this result is at-
tributed to the vast difference between the absorption coef-
ficient of PI for 308 nm laser and that of PS for 6.25 pm
laser.

5 Conclusions

Based on the energy deposition distribution of CO, laser
propagation of POM, we developed a slicing response-
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Figure 5 Ablated mass areal densities for different fluences.

Table 2 Material parameters of C, PI and PS [13,16]

Material am™) T,(K) L,(J/kg) Li(/kg) A(um)

P G
(kg/m®) (J/kgK)
C[17] 2250 710
PI[18] 1420 1100

PS[19] 1050 1300

1.5x107 4473 - 5.97x10" 1.06
1.0x10" 711 5.5x10* 1.39x10° 0.308
1.97x10* 700 - 1.0x10°  6.25




162 LiG,etal. Sci China Tech Sci
0.16 7y 7 8
L : //O
L 4 /
0.12F [} ] -16
[ 9/ ]
T |4 o | €
S i 9
g, 0.08»— I N 4 g
= [ 4 3
L2 Exp. Data of C [17] ]
0.04 'A.} arl).' Res of C -2
R Exp. Data of Pl [18]
TP~ -l ® S Cal. Res of PI ]
Exp. Data of PS [19}
o / — — — Cal. Res of PS E
ot O 4 S T
0

0
2 4 6 8 10 12 14 16
@ (Jlcm?2)

Figure 6 Application of slicing response ablation model to other materi-
als.

model to simulate the CO, laser-induced mass removal
process of POM. A formula was deduced for the prediction
of the ablated mass areal density from the model and was
verified against data from several studies and our own ex-
periments in high-fluence regions. The main conclusions
can be summarized as follows: 1) The slicing response
model can give more-satisfying predictions of the ablation
mass removal of polyformaldehyde (POM) irradiated by
pulsed CO, laser in vacuum, until the shielding effect of
ablation products becomes notable at about @>35 J/cmz;
and 2) The slicing response model has good applicability to
other materials, particularly when the absorption coefficient
of the target is adequately large. The model can also be used
for laser-induced ablation in atmosphere, but an actual
measured ablation threshold is needed as an input parame-
ter.
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