
Zhang et al. Reply: In our Letter [1] the evolution of the
shape of an initially isotropic nonequilibrium energy dis-
tribution function (DF) is investigated experimentally and
theoretically for actual atomic gases. We solved the linear
Boltzmann equation (LBE) and determined the evolution
of DF of energetic atoms and the average translational
energy (ATE), hEðtÞi. In the preceding Comment [2],
Shizgal fitted ATE using the long-time asymptotic expan-
sion, and concluded that the two-stage relaxation reported
in [1] does not exist. Our statement, that the long-range
interaction produces a two-stage relaxation both in the
Lorentz and Rayleigh gases, contrary to the hard sphere
model where the preservation of theMaxwellian DF occurs
only for the Rayleigh gas, was misrepresented in [2].

The shape relaxation of a DF is essential in thermaliza-
tion. The time-dependent DF is obtained by propagating
the LBE [1] or, equivalently, from the discrete and con-
tinuous eigenspectrum of the collision operator L. The
exact expansion may be truncated to the first term fðv; tÞ �
fmðv; TbÞ þ a1e

��1t�1ðvÞ only when the system is close to
equilibrium [3]. It requires a sufficient separation of the
smallest nonzero eigenvalue �1 from the others and a long
enough time, � ¼ tð�2 � �1Þ � 1, so that the single ex-
ponential decay dominates. In our study only one of nine
experimental points was measured after 400 ns at which
� ffi 0:96. Truncation to the first term, as in [2], is not valid.
An additional approximation that the DF is Maxwellian at
all times was introduced in [2]. With these assumptions,
Shizgal fitted the nine experimental points with a single
exponential function. There are significant deviations in
the first two points from the experimental data, indicating a
nonsingle exponential decay. The initial DF influences the
ATE evolution as shown in the example of electron ther-
malization [4]. The explicit expression of the non-
Maxwellian initial DF in our experiments was given in
Ref. [5]. Further evidence of nonsingle exponential decay
can be found in [2]: the energy relaxation time, k�1

E ðtÞ, is
time-dependent, varying from 123 to 231 ns. The ATE
variation cannot always define a relaxation time scale:
the relaxation of ATE and of the shape of the DF are not
uniquely connected [6]. An instructive example is the
relaxation of an initial monoenergetic ensemble of parti-
cles with energy of 3=2kTb, for which the shape of the DF
relaxes to Maxwellian with little variation in the ATE.

The total relaxation time � in [1] was defined as the time
required for the initial energy to relax to the value that is
within 1% to thermal energy. It is commonly used in elec-
tron thermalization [4]. � is an order of magnitude longer
than the time �g of the formation of a Maxwellian-like DF.
At 600, 1200, and 2000 ns, the ATEs for N atoms (Eð0Þ ¼
0:93 eV) thermalized in the He bath gas are 3.32, 1.71, and
1.53 in units of kTb, consistent with the limiting theoretical
value of the order of 3000 ns.

For the determination of the short time �g, the shape of
the calculated DF was numerically compared using a least
square procedure with an exact Maxwellian characterized

by an effective temperature TeffðtÞ ¼ 2
3 hEðtÞi=k and also

compared with the experimental Doppler profiles (DPs).
The theoretical DP at relaxation times t > �g is Gaussian
(see Fig. 8 of [5]). The close agreement of the DPs from
theory and from experiments confirms the two-stage re-
laxation. The strong forward scattering modifies signifi-
cantly the kernel of the LBE (see Fig. 5 of [5]) and
established the necessary conditions for the formation
and preservation of a Maxwellian-like DF. Fitting of the
limited data on ATE decay carried out in [2] does not allow
the details of the shape relaxation of the DF to be deter-
mined, or specifically, the fast stage of the formation of a
Maxwellian-like DF to be recognized.
The relaxation of a gas with an interaction potential VðrÞ

varying as r�4 is discussed in [2]. The analytical solution to
the asymptotic form of the LBE, the Fokker-Planck equa-
tion, confirms the fast formation and preservation of a
Maxwellian-like DF [7]. This is consistent with the two-
stage relaxation mechanism we reported. The nonsingle
exponential decay of the electron energy at early relaxation
times and the strong dependence on the initial DF were
directly demonstrated in [4], and they contradict the single
exponential decay asserted in [2]. The Comment does not
consider the shape relaxation investigated in our experi-
mental and theoretical research. Although the evolution of
the DF determines the development of the ATE, it is not
possible to infer the DF shape evolution from the relaxa-
tion of the ATE.

P. Zhang,1 V. Kharchenko,1,2 A. Dalgarno,1 Y. Matsumi,3

T. Nakayama,3 and K. Takahashi3
1ITAMP, Harvard-Smithsonian Center for Astrophysics
Cambridge, Massachusetts 02138, USA
2Department of Physics, University of Connecticut
Storrs, Connecticut 06269, USA
3Solar-Terrestrial Environment Laboratory
and Graduate School of Science
Nagoya University
Nagoya 464-8601, Japan

Received 2 June 2009; published 6 October 2009
DOI: 10.1103/PhysRevLett.103.159302
PACS numbers: 51.10.+y, 31.15.A�, 34.50.�s

[1] P. Zhang, V. Kharchenko, and A. Dalgarno et al., Phys.
Rev. Lett. 100, 103001 (2008).

[2] B. D. Shizgal, preceding Comment, Phys. Rev. Lett. 103,
159301 (2009).

[3] I. Oppenheim, K. E. Shuler, and G.H. Weiss, Advances in
Molecular Relaxation Processes 1, 13 (1967).
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