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�©ÏLnØÚê��[, ïÄ�±Ï-1óÀ>líN�f�)�lz>6±9�A� THz ÅË�. ïÄL
², �±Ï-1óÀlzíN�U�)���lz>6, Ï�±�)�r� THz Ë�. ØÓ��±Ï-1óÀ�
 ��>lÑ�>fÐ©�ÝÚ>lå©��ØÓ, l�)�lz>6k¤ØÓ, Ë�� THz Å�-1óÀ��
 ¤±Ï5Cz. TnØ���� PIC ê��[��y. éu�½�-1óÀ� , lz>6Ú THz Ë��Ì¿v
k�\�-1�Ì�O\üNO\, ´�3�
4�:. �þ!©ÙíN�', �íN©Ùäk�½FÝ�, Ë
�Ly�q�5Æ, �ªÌ¬u)�½�Cz.

'�c: lz>6, THz Ë�, PIC �[

PACS: 42.50.Hz, 42.65.Re, 84.40.–x

1 Ú ó

�)äkØÓªÌ!ó°!rÝ�A5��
â[ (THz) Ë�, ´Ù¼�2�A^�'�. 8c�
) THz Ë��«a�)Äu�á>få��{!
1>�Ú1�6�{!-1�lfN�{�. Ù
¥-1>líN�) THz ÅË��ïÄ3þ�
V 90 c�Òk<ïÄ [1]. L�Ac�¢�ÚnØ
ïÄL² [2−7], |^�±Ïr-1óÀ!VÚr-
1|�íN�^´�)r THz Ë��k�å». é
uÙÔnÅn�)º, oÅ·ªnØ [2,6,8,9] Úlz
>6�. [10−13] ´8c��61�ü«�.. Uì
lz>6�., íN�>l�¤��lfN, Ù�
ÝdíN�ÝÚíN�f�lz�êû½. 3�½
^�e, íN�>l�Ó��)���-1 ��
��Ó�î�>6. ��lfN�Ý3�½���,

�lfN��ªÇ u THz Åã, Tlz>6±
�lfNªÇË�>^Å, = THz Å. ÏL-1>
líN, �±±���1r (∼5.5×1016 W/cm2) �
�|rp�A� MV/cm � THz Å. 3±c�ó�
¥, ·�æ^�¹1|>l���âf�[ (PIC)

KLAP 1D, ¿(Ü1l>6�., ïÄ
dÄª1
9Ù�ª1|¤�VÚ-1|ÏLlz>6�
) THz ÅË��5ÆÚÅn [13]. 3 KLAP 1D §
S¥\\
Äu ADK �.�-1|>l�f�
L§ [14], l�±gT/ïÄ1|>lL§�)
� THz Ë�. ïÄL², Äª1Ú�ª1�� 
�±9�ö|r'�ØÓ, �)�lz>6¬k
²w�ØÓ, ¦�Ë�´� �Ú|r'��¼
ê [13], ÙCz5Æ����¢�þ*	��y�
�ÎÜ [5].

�©Ì�ÏLnØ©ÛÚê��[, ïÄ�±
Ï-1óÀ>líN�f�) THz ÅË��A5.
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�ó°�A��¦�-1óÀ>líN�, >|�
é¡5¦�>lÑ�>f3>|¥�Ý��, Ï
J±/¤��lz>6, Ù1Å� élz>6�
)K���. éu�±Ï-1óÀ, � �ØÓ�
���lzÇ!>f�Ýké�ØÓ. >f31|
¥lz¿�1|\�, Ïd�±�)���î�À
>6, ù«lz>63�lfNÚíN (ý�) >.
Ë�Ñ THz Å.

2 lz>69Ù THz ÅË��.

éu�¦-1óÀ, óÀó°�A��A��
�¦, Ï~��u>f!lf�EÜ�mÚâf
-E�m. ÏdÏL1|>l�)�>f�Ý�
L«�

dne(t)
dt

= w(t)na(t), (1)

Ù¥ w �lzVÇ, na �íN�f��Ý. Ð©
� na = n0, =�©íN�f�Ý. u)>l��
��f�)��>fÚ��lf. ÏL��lzÚ
p�lz, �)�õ>f. ùp± He �~, Ù>l
�)��>lÚ��>l. kõ��.5£ã-1
|é�f�^�)�>l. ��@�3f�éØ
^�e, �f�lzÌ�u)��>l, '�~^
�´ ADK >l�. [10]. TnØU�Ð�£ãD
kíN�f3r-1¥�lz [15−17]. �f�lz
VÇ�

w = 6.6 × 1016 Z2

n9/2

(
10.87 × Z3EH

n4El

)2n−3/2

× exp
(
−2Z3EH

3n3El

)
(s−1), (2)

ª ¥ Z ´ > l � Ú > f � ^ � � � > Ö ê,

EH = 5.14 × 109 V/cm ��fSÜ�>|rÝ,

El ´-1|r, n = Z/
√

E0(eV)/13.6 �lf�k
�Ìþfê, Ù¥ E0 ´�f�lzU. b½>f
3 t0 �d�f (½lf) º�, ÙÐ©�Ý��f
�Ð�Ý��, �±�Ñ. É-1|�Y�^, >f
î�Äþ÷v

P⊥ − eA⊥/c = −eA⊥(t0)/c, (3)

ª¥ A⊥ �-1î�¥³. -1óÀ²L��, >
f��î��Ý: V⊥ = −eA⊥(t0)/γmc, γ ��é

ØÏf. ÏdíN�f>l����lz>6�

J⊥(t) =
∫

e2A⊥

mcγ
dne, (4)

⊥ L«î���. éuäN�-1|, þã�§�
?1ê�¦). éu�f�p�>l, I�òéA
�§ (1), (4) �p�>l�)�>f�ÝÚ>6©
O?1¦Ú, ±¼�o�>f�Ý9Ù/¤�>6.

ã 1 -1óÀ/G (a) ±9ØÓ-1�Ìe�)�ÏL
1>l�)�>f�Ý (b) Úlz>6 (c). ùp-1óÀ
� τ = 3τ0, 1Å�  ϕ0 = 0◦

e¡·��é�±Ï\�-1óÀ�^e�
>l>6?1O�. b½\�-1´� ��, -
1óÀ�>|� El = a sin2 (τ/τ0) sin(ω0τ + ϕ0),

Ù¥ τ = t − x/c, τ0, ω0, ϕ0 ©O´DÂ�I, -
1ó° (8�z�\�1��±Ï 2π/ω0), 1Åª
Ç, ±91Å �, a ´8�z� mω0c/e �-1�
Ì, §�-1rÝ�'X´ I = a2 × 1.37 × 1018

(µm/λ)2W/cm2. |^lz>6�., �±��>
f�ÝÚlz>6�-1óÀDÂ��)L§.

ã 1 �Ñ
ØÓ\�-1�Ìe�)�>f�
ÝÚlz>6��m�Cz. 3�[¥·�æ
^ a = 0.05, 0.1, 0.23 Ú 0.35, óÀ°Ý τ0 = 3, 1
Å � ϕ0 = 0◦. �,-1óÀ´�5O\, ¿�
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>f�Ý31rv
���Ü>l, �´Ùlz>
6¿Ø´�5O\. ã 2 �Ñlz>6�-1�Ì
�Cz. 1Å �� ϕ0 = 0◦ Ú 90◦, 3 ϕ0 �Ù¦
��, äkaq�ª³. �±wÑ, 3�m©�X-
1�ÌO�, lz>6�O�. éu ϕ0 = 0◦, ��
Ì�� a > 0.1, lz>6m©~�. 3 a = 0.23

NC, lz>6ª�u". �X a UYO�, lz
>6qm©þ,. ù
Cz8Ïu>lÑ5�>
fäkØÓ�î�Ð�Ý. �X He í3>|��
�½K���)Ü©��>l, ¿�)�½��
�lz>6. �>|UC��, Ó�|r����
��, �)�Ü©��>l!¿Ó��)Ü©�
�>l. d��)�lz>6��c�)�lz
>6����, dd�U�)���(J. ù�±
)º�Û3 a = 0.23 NC, lz>6ª�u". é
u ϕ0 = 90◦, lz>6¸�±9lz>6����
éA�>|�, � ϕ0 = 0◦ �'�´Ø���.

3¼�
lz>6�, lð�d��§�±�
��A�ÅÄ�§, ù3©z [12] ¥®k�[í
�. ÅÄ�§�ýÑy�>6�, ´��Ë��5
, dulz��ëY5Ú>fî��Ý��u1
� c, æ^��Cq, �±éÅÄ�§?1z{��
>|�)�

E(t, x) ≈ − Jy0l0
cε0

√
ωpt

cos
(
ωpt − π

4

)
, (5)

ª¥ Jy0 �lz>6, l0 �íNp�©Ù�Ý,

ω2
p = nee

2/mε0 ´�lf��ªÇ. �·��í
N�fÚÜ·��Ý, K����lfªÇ¬ 
u THz ªã, llz>6�±Ë�Ñ THz Å. l
þã�§�±wÑ, Ë�� THz �Ì�'ulz>
6. lz>6�����û½
Ë��>^Å�Ì
���, ÏdI�æ^Ü·�-1ëê^�5��
���lz>6. �Ä�3 ADK lz�.¥, ØÓ
��fkØÓ�lz³U, 3�Ó-1|SÙlz
Çké�ØÓ, Ïd�f«aéù«Ë��kK�.

À�Ü·�íN�fU
±���1r���r
�Ë�. ,��¡, éuþ!©Ù��ãíN, lz
>6�)�Ë�Ì�Ñy3íN�ý�.¡NC,

>.éTË�k�K�, íN�ÝéË�K��
�. ù�:3�¡� PIC �[(J¥���y. 
Øþ!©Ù�íN, Ù�)�Ë��UØ==´d
u3íNý�.¡NC�>6. �ûu�Ý©Ù�
/ª, 3Øþ!�lfN¥, $�3�lù�.¡

�lz>6��UË��ý�¥. 3e¡·�òÏ
L�1|lz� PIC §S�[1|lz>6�)
� THz Ë�.

ã 2 lz>6��±Ï-1óÀ�Ì�Cz, 1Å� ©O
� 0◦ Ú 90◦

3 � l f N � Ý � - 1 ó À ë ê
é THz Ë��K�

3.1 ���lllfffNNN���ÝÝÝ©©©ÙÙÙééé THz ËËË������KKK���

æ^��âf�[ KLAP 1D éþãL§?
1ê��[. ùpæ^ He í, �Ý� 0.0005nc, Ù
¥ nc = 4π2mε0c

2/(λ2e2) �éA\�-1��l
fN�.�Ý, Ù¥ λ �\�-1Å�. XJ-1
Å� λ = 1 µm, þãíN�Ý3����>l�é
A�>f�lfNªÇ´ f = 9.5 THz. íN©Ù
kü«�¹: �«��Ý� 20λ �þ!©ÙíN,

�«´�Ý� 20λ �kFÝ©Ù��þ!íN, F
Ý�Ý� 30λ, Xã 3 ¤«. \��-1óÀ´� 
��, -1óÀ�>|/ª�þ�!�Ñ�/ª�
�, � PIC �[¥�æ^�þ�!O��Ó� 3

�-1±Ï.

ã 3 íNq�Ý©Ù«¿ã (Ù¥�«´�Ýþ!©O�í
N, ,�«´�ÝF/©Ù�íN)

lz>6�)� THz Ë�, 3ý��íN.¡
üý�±*ÿ�c�Ë�Ú��Ë�. 3 PIC �
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[¥-1�Ì a = 0.2, 1Å �� ϕ0 = 0◦. �
��(JXã 4 Úã 5. ã 4 ��cDÂ�-1
óÀ (a) Úc�Ë��)� THz Å��ã (b) 9
éA� THz ÅªÌã (c). 3c�Ë�¥-1óÀ
Ú THz óÀ·Ú3�å, du-1|r��u THz

|r, 3ã 4(a) ¥, -1|r THz |ìv¿J±w
Ñ THz ��Å/. ã 4(b) ´À�-1óÀ���
�mI���� THz Å��Å/��Ü©. du
�öªÇ©O u1ªãÚ THz ªã, Ïdlª
Ì���� THz �ª�ã. ²LªÌC�, ��
� THz ªÌXã 4(c) ¤«. l¥�±wÑÙªÌ
�¸� �3 10 THz NC, �C�lfN��ª
Ç. �Ë�äké°�ªÌ, �±ò�� 60 THz. �
[uy�1r� ∼ 5.5×1016 W/cm2 ��±��|
rp�A� MV/cm � THz Å.

ã 4 -1�þ!íNÚ�þ!íNq�^�)�c�Ë�
� THz Å/ã (a) �BL�lfN��-1óÀ, -1BL3
þ!©ÙíNÚ�þ!©OíN��öA�´���, Ïd�
öéJ©EÑ5; (b) �r-1óÀ�mI�C�, 3-1óÀ
����� THz ÅóÀ��Ü©; (c) �� (b) éA� THz Å
ªÌ

éu�� THz Ë�,THz óÀÚ-1óÀ��
ØÓ, Ïd PIC �[��� THz ��Å/. ã 5 �
��Ë�� THz Å���Å/ã (a) ÚªÌã (b).

�±wÑ��Ë��c�Ë��,3¸�|rþ

��, �3Å/!ªÌþÑké�ØÓ. lz>6
Ì�3�lfN�>.þ�), -1óÀ3ÏL
�lfNc��1|u)��Cz, Ïd���)
�lz>6ØÓ, Ïc�Ú��Ë�� THz óÀ
k¤ØÓ, ¿�§��ªÌk¤�É. þ!�Ý©
ÙíNÚ�þ!�Ý©ÙíN�)�Ë��kØ
Ó, ù´Ï�3�þ!íN¥, �ÝFÝ©Ù¦�
lz>6ØÓ, ÏË�ÑkØÓ. 3íNk�½
FÝ©Ù��¹e, lz>6��)É�>fØþ
!©Ù�K�, 3ØÓ ��)�lz>6Ñ�±
l�lfNSË� THz Å�ý�¥�, Ë�� THz

Å¬k�õ���, ÏË��ó°��, Ùª�
ã��1w; Ó��þ!©ÙíN�>fê8vk
þ!©ÙíN�>fê8õ, lz>6��, Ï
�)�Ë��Ì��.

ã 5 3-1óÀ\��íNq��)���Ë� THz Å��
�ãÚª�ã (\�-1^��ã 4 �Ó) (a) ���Å/; (b)

�ªÌ©Ù

3.2 ---111óóóÀÀÀëëëêêêééé THz ËËË������KKK���

3e¡·�òÏL PIC �[, (Ü1 2 !�>
6�., ïÄ�±Ï-1óÀ�rÝÚ� é THz

Ë��K�. ÄkÏL PIC �[, ïÄË��-1
|r�Cz. Xã 6 ¤«, Ë�� THz Å|r¿Ø
´�X|r�O\üNO\, ´Ñyü�¸�.

Uì1 2 !��[, >fl�f¥�>lÑ5��
î�Äþ�ûuÙ3�±Ï-1óÀ¥�\�, �
6-1|��Ú§�º����, Ïd���À>
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6Ø2´-1|�üN¼ê, l�� THz Ë�Ø
´-1�üN¼ê. ù�(J½5þ�ã 2 aq.

�´ã 6 ¿vkÑy�ã 2 @��lz>6�C
�"��¹, Ïdlz�.�Ñ�lz>6� PIC

�[�Ñ� THz Ë��ÌØU½þéAå5, AO
´3-1�Ì'���, üö� �'��. Ù(
���Ï8c¿Ø�Ù. I��Ñ�´31 2 !�
>6�.´ØgT��., 3O�¥¿vkÚ\l
z�)�gd>fé-1DÂ�K�, ±9-1�
DÂL§élz>6/¤�K�, ¿�vk�Ä3
-1�r��ÿ-1^|©þÚå�î�>6�
UC±9-1k�Äåélz>6�K�.

ã 6 3�Ý� n = 0.0005nc � He íN¥, UC\�-1|
�Ì, �� THz Å�Ì�-1|�Ì�'X (\�-1�� 
� 0◦)

c¡Äu PIC �ê��[�y
�±ÏóÀ
-1�íN�^�)� THz ÅË�. �±Ï-1
óÀ¤���� &E, ¦� THz Ë�¤�� �
±Ï5¼ê. e¡·�äN&?Ù1Å �� THz

Ë��Ì�'X. ã 7 ´Ë�� THz Å|r�-
1� �'X. PIC �[Ú1>6�.nØÑL²,

THz Ë�±91>l>6´1Å ��±Ï5¼
ê. ^ PIC �[þ!©ÙÚ�þ!©Ù�íN3�
Ó1reCz�q, ¿��1>6�.ÎÜ�Ð.

éuØÓrÝ�\�-1 (a = 0.1, a = 0.2), lz
>6��ØÓ, Ë�� THz Å�kØÓ, Ï�ö

��3���É.

ã 7 þ!©Ù�íNÚ�þ!©Ù�íN3ØÓ�-1|r
e, Ë�|r�óÀ� �±Ï5'X. ã¥é PIC �[�(
JÚlz>6�.�(J?1'�, ¿©OÀJ
ü«-1|
r (a) 0.1; (b) 0.2 (Ù¦ëêÚã 2 ¤^�Ó)

4 ( Ø

-1éíN�f�lz, �±�)�*lz>
6, ù«lz>6�±Ë� THz Å. �-1óÀ�
�±ÏóÀ�¬�)���À>6, l�±Ë�
ér� THz óÀ. ÏLlz>6�nØ�.Ú�
� PIC �[, uy THz Ë��-1|r¤�üN'
X. Ó�lz>6�nØ�.uyT>6´-1ó
À� �±Ï¼ê, ù���� PIC �[��y.

þãïÄL², lz>6�.U
½5£ã-1|
�íN�lfN�^�)� THz Ë�, ½þ£ã
I�/ÏgT� PIC �[. éTlz>6Ån�ï
ÄL², æ^1r� ∼ 5.5×1016 W/cm2 ��±Ï
-1óÀ�±��|r3A� MV/cm þ?� THz

ÅóÀ.
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Ionization currents and terahertz emission from the
interaction of few-cycle laser pulses with gas targets∗
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Abstract

Based on a theoretical model and numerical simulations, the ionization currents and subsequent terahertz (THz) emission induced

by the interaction of a few-cycle laser pulses with He gas targets are studied. It is shown that owing to the large transverse current

generated by field ionization with few-cycle laser pulses, strong THz emission can be generated. The change of the carrier phase of

the few-cycle laser pulses leads to the variation of the ionization currents. Correspondingly, the THz emission amplitude shows the

characteristic as a periodic function of the carrier phase, which is also confirmed by one-dimensional particle-in-cell simulations. For

a given carrier phase, the THz emission amplitude is not proportional to the laser amplitude. It shows at least two peaks at certain

laser amplitudes. When the gas density profile is not uniform, the emission amplitude has a similar dependence on laser amplitude and

carrier envelope phase, but the THz pulse duration and spectrum are quite different.

Keywords: ionization current, THz emission, particle-in-cell simulation

PACS: 42.50.Hz, 42.65.Re, 84.40.–x
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